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INTRODUCTION 


A transducer is defined as a device that receives energy from one^>; 

transmits it to another, often in a different form. 

Broadly defined, the transducer is a device capable of being actuated by „ 
energising input from one or more transmission media and in turn generating, 
related signal to one or more transmission systems. It provides a usable output j 
response to a specified input measurand, which may be a physical or mechanic 
quantity, property, or conditions. The energy transmitted by these systems may 
be electrical, mechanical or acoustical. 

The nature of electrical output from the transducer depends on the basic 
principle involved in the design. The output may be analog, digital or frequency 
modulated. 

Basically, there are two types of transducers, electrical, and mechanical. 

ELECTRICAL TRANSDUCER _Hi 

An electrical transducer is a sensing device by which the physical, mechanical or 
optical quantity to be measured is transformed directly by a suitable mechanism 
into an electrical voltage/current proportional to the input measurand. 

An electrical transducer must have the following parameters: 

1. Linearity The relationship between a physical parameter an 

resulting electrical signal must be linear. j, 

2. Sensitivity This is defined as the electrical output per unit 

the physical parameter (for example V/°C for a temperature > en 
High sensitivity is generally desirable for a transducer. ( ,. vV jde, 

3 . Dynamic Range The operating range of the transducer shoul 

to permit its use under a wide range of measurement conditi° n ^ 
. Repeatability The input/output relationship for a transdu [f ab jiit) tf 

e predictable over a long period of time. This ensures re 

operation. 

Tl ' e transducer must have minimal weigh 1 a “. ur b i: ' 
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< e °, Electrica! amplification and attenuation ca „T >" re “ follows- 
Mass-inertia effects are minimised. e eas,1 y done. 

Effects of friction are minimised. 

The output can be indicated and recorded remot 
sensing medium. otel y at a distance from the 

The output can be modified to meet the requir 
or controlling units. The signal magnitude can b^T ° f the indicatin 8 
voltage current. (The analog signal information™^ in terms of the 
pulse or frequency information. Since output can h, ° b ®.^ 0Ilverted in to 
or amplified at will, the output signal can be easily modulated 

any suitable multichannel recording device.) Y t0r recordln 8 on 

The signal can be conditioned or mixed to obtain am, ^ ,. . 
outputs of similar transducers or control signals Y m inatl0nwith 

The electrical or electronic system can be controlled with a very small 
power level. 3 

The electrical output can be easily used, transmitted and processed for 
the purpose of measurement. 

Electrical transducers can be broadly classified into two major categories, 

(i) Active, (ii) Passive. 

An active transducer generates an electrical signal directly in response to 
the physical parameter and does not require an external power source for its 
operation. Active transducers are self generating devices, which operate under 
energy conversion principle and generate an equivalent output signal (for 
example from pressure to charge or temperature to electrical potential). 

Typical example of active transducers are piezo electric sensors (for generation 
of charge corresponding to pressure) and photo voltaic cells (for generation of 
voltage in response to illumination). 

Passive transducers operate under energy controlling principles, which 
makes it necessary to use an external electrical source with them. They depend 
upon the change in an electrical parameter (. R , L and Q. 

Typical example are strain gauges (for resistance change in response to 
Pressure)/and thermistors (for resistance change corresponding to temperature 
variations). 

Electrical transducers are used mostly to measure non-electrical quantities. For 
qua ^ Ur P ose a detector or sensing element is used, which converts the physical 
whic ! lty ' n *-° a displacement. This displacement actuates an electric transducer, 
This e i aCtS aS a secon dary transducer and give an output that is electrical in nature. 
meas Ur ! Ctrical ^ uantit y is measured by the standard method used for electrical 
P^ducti!! 160 * ^ le e ^ ec trical signals may be current, voltage, or frequency, t eir 

.Cr b “ ed0n *’ iandCeff ^- | , fri I 

Sl gnal mav k Cer Whlch con verts a non-electrical quantity into an analog electrical 
trails ducti 0n g^° ns ^ dere d as con sisting of two parts, the sensing element, an t e 


t * 


m 
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The sensing or detector element is that part of a transducer which 
a physical phenomenon or to a change in a physical phenomenon Th 6 ^^ to 
of the sensing element must be closely related to the physical phen omZN 
The transduction element transforms the output of a sensing el n ° n - 
electrical output. This, in a way, acts as a secondary transducer. ent 10 an 
Transducers may be further classified into different categories H 
upon the principle employed by their transduction elements to convJ^S 
phenomena into output electrical signals. Physical 

The different electrical phenomena employed in the transduction i 
transducers are as follows. n e erne nts 


1 

2 

3 . 

4 . 

5 . 


Resistive 
Inductive 
Capacitive 
Electro magnetic 
Piezo-electric 


6 . 

7 . 

8 . 
9 . 
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SELECTING A TRANSDUCER 

The trone/liinn._ 


Photo-emissive 
Photo-resistive 
Potentiometric 
Thermo-electric 
Frequency generating 


- - 

desired range. frequency Flat over the entire 

4 - Environmental compatibilitv T, m 

pressure, shocks, interaction • m P era hire range, corrosive fluids, 

* sensMvZ roe’ ”* mountin 8 restrictions. 

6 - Accuracy Repeatability P ected sti mulus, other than the mcasurand. 
expected due to sensitivity. ,' bration errors as well as errors 

and rugged X 

intensities versus size and , Ugg '? ness > botb °f mechanical and electrical 

8 - Electa, parantZT v'T 

noise ratio when combine ^ f 1 * 1 ty P e of cable required, signal ® 
limitations. Wlth amplifiers, and frequency respond 

^linynjANSDlJCER 

Resistive IransducersareTh I- 

cha^Min the'r 1 phenom <»on. Thlch * the . resistan ce changes due to a cl 
Strain em 6n8tk of tb e conductor 31186 tbe va lue of the resistance' 
semiconductn 868 !,”' 0 * on th « princ be USed *° measure displacement 

dispiacemern fo " 868 whea the ^stance ° f a condU r 

’ ce an ^ pressure. * Thls Can be used for the measuren 
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The resistivity of materials changes • 

cim be used for the measurement of -Pera,are. This p roperty 

13.4.1 Potentiometer 

A resistive potentiometer (pot) consists 
of a resistance element provided with 
a sliding contact, called a wiper. The 
motion of the sliding contact may be 
translator or rotational. Some have 
a combination of both, with resistive 
elements in the form of a helix as 
shown in Fig. 13.1(c). They are known 
as helipots. 

Translatory resistive elements 
as shown in Fig. 13.1(a), are linear 
(straight) devices. Rotational resistive 
devices are circular and are used for the 
measurement of angular displacement, 
as shown in Fig. 13.1(b). 

Helical resistive elements are multi 
turn rotational devices which can be 
used for the measurement of either 
translator or rotational motion. A 
potentiometer is a passive transducer 
since it requires an external power 
source for its operation. 

Advantage of Potentiometers 

1. They are inexpensive. 

2. Simple to operate and are ver 
useful for applications where 
the requirements are not par¬ 
ticularly severe. 

3. They are useful for the mea¬ 
surement of large amplitudes 
of displacement. 

4. Electrical efficiency 1S v 
high, and they provide ^ 
cient output to allow c 
operations. 

Disadvantages poten- 

1. When using a 1® js re . 

tiometer, a larg ® )id j n g contacts, 
quired to move 




/ 
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4I « - 

-- wcar out, become misaligned and 

, Thc sliding contacts can ~ 

noise. 

Trgnsduccr 

, 3 . 4 . j Resistance Press" ^ trans ducer is based on the fact that a ch 

Measurement in. herestsuv^w ^ - a .hesensing elements. Resi % 

in pressure J oTwo main types. First, the electromechanical resi^ 

pressure transducers are on ^ stres s, position, displacement ? 

transducer, in which a c g ? variable resistor. The other resist, * 

*r"£‘ *■ *—»*■«%-*« .St 

transducer is the s g g fof ^ and displacement measu 


it is verv 


‘“gteral case of pressure measurement, the sensitive resistance element 
may take other forms, depending on the mechanical arrangement on which the 
pressure is caused to act. 

Figure 13.1(d) and (e) show two ways by which the pressure acts to influence 
the sensitive resistance element, i.e. by which pressure varies the resistance 
element. They are the bellow type, and the diaphragm type. (Yet another is the 
Bourdon tube of pressure gauge). 

In each of these cases, the element moved by the pressure change is made to 
cause a change in resistance. This resistance change can be made part of a bridge 
circuit and then taken as either ac or dc output signal to determine the pressure 
indication. 


Bellows 





Resistance Leads 
to External 
Bridge Circuit 


Fig. 13.1(b) 


Contacts 

Sensitive diaphragm moves the resistance contact 


13.5 

RESISTIVE POSITION TRANSPUTER- 

The principle of the resistive transducer is P element. (A common 

measurement causes a resistance c an 8® ■ wor k is to be able to sense the 

requirement in industrial measurement and con *™ W ° 

position of an object, or the distance it has mo e j emen t with a sliding 

One type of displacement transducer us . tored or mea sured. Thus the 

contact or wiper linked to the object be g resistance element depends on 
resistance between the slider and TaTfaivestoe construction of this type of 
^ Position of the object. Figure 13.2(a) g 

^ducer. J , The output voltage depends on 

. %re 13.2(b) shows a typical method fj o{ the shaft position. This voltage 

e w >per position and is therefore a nc visual display. 

** applied to a voltmeter calibrated m cms jmum shaft strokes, from 

(Typical commercial units provide a of the resista nce versus 

Or less to 5 ft or more.) Deviation from m 
^ specifications can be as low as 0 > loaded> the output voltage V a is a 

"Sr 118 ™ 8 Fig ' 13 ' 2(b) ’ * he Tthe position of the wiper. 
n fraction of V t , depending upon th P 
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(a) w 

fig-13.2 (a) Construction of resistance position transducer (b) Typj ca | 

*2 


Therefore, 


' Q ___ 

v t r 1 + r 2 


When applied to resistive position sensors, this equation sho«™ ,u 
voltage ,s proportional to R 2 , i.e. the position of the w*er ofthe noten! ' ** 
e^resistance of the transducer is distributed uniformly along the leaMW? 
of the wiper, the resistance is perfectly linear. 8 ngth oftrav el 

Example 13.1 4 displacement transducer with a shaft strokp nf ? n i • 

applied to the circuit of Fig 13 2(h) Th* tntni • ^ °J 3.0 in. is 


Solution 

Therefore 


D _ 0.9 in. 9 

2 ~ 3.0 in. X5k= ^ x 5 k = 1500 £2 


' O 

V. 


R, 


R { +R 2 


• V 

» r o 


R a 


„ 1500 

7T x5K: 


r,+r 2 

1500 
lk 


xv t 


= 1.5 V 



fig- Ex. 13.1 
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* ' 77 w ontfge w balanced (V p = ft 

Assuming that the object mng monitored moves a maximum resistance of 0.5 
in . towards A. what will be the new value of V c ? (Shaft distance is 5 in.) 

Solution If the wiper moves 0.5 in. towards A from the centre, it will have 
moved 3 in. from B. 

3.0 

R 2 = tt X5k = 3kft 


5.0 


VR 2~ vr a = 


r 


R* 




R\ + R 2 


( 


J 


( 3 




5k 


) 


f 


x5 V- 


2.5 k 


V 


5k 


xV t - 


x 5 V 


R* 


\ R 3 +R 4 J 


XV t 


J 


= 3 V-2.5 V=0.5 V 


STRAIN GAUGES 


13.6 


The strain gauge is an example of a passive transducer that uses the variation 

ln electrical resistance in wires to sense the strain produced by a force on the 
wires. 

ft is well known that stress (force/unit area) and strain (elongation or 
com Pression/unit length) in a member or portion of any object under pressure is 
directly related to the modulus of elasticity. 

t Slnce strain can be measured more easily by using variable resistance 
^nsducers, it is a common practice to measure strain instead of stress, to serve 
s J® index of pressure. Such transducers are popularly known as strain gauges. 
acc 3 metal conductor is stretched or compressed, its resistance changes on 
C!° fthe fact that both the length and diameter of the conductor changes. 
subj’ there is a chan s e in the value of the resistivity of the conductor when 
res istan t0 Strain ’ a Property called the piezo-resistive effect. Therefore, 
ManvH Strain gau § es are also known as piezo resistive gauges. 


i 


inanvH aie also Known as/ *,***-*~ &—• 

* ei hperaty 6 * ec * ors and transducers, e.g. load cells, torque meters, pressure gauges. 
When a Sensors > etc. employ strain gauges as secondary transducers. 
a ° f cr 0 gaUge is sub Jected to a positive stress, its length increases while its 
th ,p0rt ion a S l S t SeCtion decrea ses. Since the resistance of a conductor is directly 
Vai resist ance°f ItS length and inversely proportional to its area of cross-section, 
^ ° f a cond the 8auge inereases with positive strain. The change in resistance 
Uct °r under strain is more than for an increase in resistance due to 


a fe a 

Pr 0 
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its dimensional changes. This property is called the piezo-resistive eff e 
The following types of strain gauges are the most tmportant. * 

1. Wire strain gauges 

2. Foil strain gauges 

3. Semiconductor strain gauges 


13.6.1 Resistance Wire Gauge 

Resistance wire gauges are used in two basic forms, the unbonded 
bonded type. 



an d the 


1. Unbonded Resistance Wire Strain Gauge An unbonded strain gauge consists 
a wire streched between two points in an insulating medium, such as air n 
diameter of the wire used is about 25 (Lim. The wires are kept under tension ? 
that there is no sag and no free vibration. Unbonded strain gauges are usu ii° 
connected in a bridge circuit. The bridge is balanced with no load applied * 
shown in Fig. 13.3. 25 


Force 




B-13.3 Unbonded strain gauge 
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Direction 

of 

Strain 


Wire 

Supporting 
Base 


\Vhen an external load is applied, the resistance of the strain gauge changes, 
j n g an unbalance of the bridge circuit resulting in an output voltage. This 
^ e j s proportional to the strain. A displacement of the order of 50 pm can be 
detected with these strain gauges. 

Bonded Resistance Wire Strain Gauges A metallic bonded strain gauge is shown 
•„ pig. 13.4. ,-1 

in* 1 © . _i_ * „i_ x ^r I I pjne 


A fine wire element about 25 
m (0.025 in.) or less in diameter is 
looped back and forth on a carrier 
(base) or mounting plate, which is 
usually cemented to the member 
undergoing stress. The grid of 
fine wire is cemented on a carrier 
which may be a thin sheet of paper, 

bakelite, or teflon. The wire is . 

covered on the top with a thin material, so that it is not damaged mechanically. 
The spreading of the wire permits uniform distribution of sfress. The carrier 
is then bonded or cemented to the member being studied. This permits a good 

transfer of strain from carrier to wire. . , 

A tensile stress tends to elongate the wire and thereby increase its length and 
decrease its cross-sectional area. The combined effect is an mcrease in resistance, 
as seen from the following equation 

pxl 



F-Leads 

Fig. 13.4 Bonded resistance wire strain gauge 


R = 


where p = the specific resistance of the material in £lm 
l = the length of the conductor in m 
A — the area of the conductor in m , . 

As a result of strain, two physical parameters are of particular interest. 

1. The change in gauge resistance. 

The tMaturement'oHhe ‘sensitivity of a material ^mfailed g^uge 

factor (GF). It is the ratio of the change in resistance A RJR to the change m the 
len gth MU 

AR/R 

i-e. GF (K) = 


M/I 


m.n 


ere K = gauge factor . . 

A R = the change in the initial resistance m i2 s 

R = the initial resistance in Q (without strain) 

A / = the change in the length in m 
I ~ the initial length in m (without strain) 
blnce strain is defined as the change in length divided by the original length 
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a = 


A/ 


Hq. (13.1) can be written as 


K = 


A R/R 


where <7 is the strain in the lateral direction. 

The resistance of a conductor of uniform cross-section is 

length 

R= P 




area 

/ 


R= P—~i 


nr 


Since 


r = — 


d 

2 


S= — 

4 


R = P 


l 


n d 2 14 


= P 


l 


n/4d‘ 


(13.3) 


where p = specific resistance of the conductor 
/ = length of conductor 
d = diameter of conductor 

When the conductor is stressed, due to the strain, the length of the conductor 
increases by A/ and the simultaneously decreases by Ad in its diameter. Hence 
the resistance of the conductor can now be written as 

(/ + A/) 


R S =P 


p(/ + A/) 


n/4(d - Ad) 2 nf 4 (d 2 -2d Ad + Ad 2 ) 

Since Ad is small, Ad 2 can be neglected 

p (/ + A/) 


R s ~ IA s j2 


n/4 0 d - 2d Ad) 

_ P V + A/) pi (1 + Al/l) 


n/4d‘ 


1 - 


2Ad 


\ 


n/4d : 


J 






2Ad 




(13.4) 


J 


Now, Poisson’s ratio n is defined as the ratio of strain in the lateral di<- eetl0 ° 
to strain in the axial direction, that is, 

Ad/d (i3.5) 


P = 
Ad 


Al/l 


A l 


(13-® 


Substituting for A d/d from Eq. (13.6) in Eq. (13.4), we have 
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= P/(1 + A///) 

s (*/4) </ 2 (1 -T^AlJF) 

o a (jonali s > n 8’ we 8 et 

d = - P/Q + A///) (l + 2f/A//n 

C / / 4 \ »9 _ ------ 


/? = 




* = 


(^/4) d 2 (l-2/iA///) (1 + 2//A///) 
pl 


( tt / 4 ) 2 
Pi 

( tt / 4 ) d 2 

Pi 


(1 + A///) (1 + 2//A///) 

L(1~2/zA///) (1 + 2//A///) 

1 + 2// A/// + 2 A/// + 2// Al/e A HI 
1-4/z 2 (A///) 2 

1 + 2ji Al/l + A/// + 2/i A/ 2 // 2 
l-4/t 2 A/ 2 // 2 


(w/4) d 2 

Since A/ is small, we can neglect higher powers of A/. 

1 


Pi 


R = 
s (n/4) d 


R s = 


R = 


pl 


(n/4) d 2 
pl 

(n/4) d 
pl 


j [1 + 2 // A/// + A///] 
[1 + (2 // + 1) A///] 
2 [1 + (1 + 2 //) A///] 


+ 


P' 


(n/4) d 2 T ( tt / 4 ) </ 2 
pl 


(A///) (1 + 2 //) 


Since from Eq. (13.3), /?- 


03.7) 


(;r/4) </ 2 
R s = R +A R 

where A = 7-^ + 2 ^ 

( 7 r/4) d 

The gauge factor will now be 

Afl//* (AIJOQtiHl 

K= Al/l ' A/// 

= 1 + 2 // 

/<:= 1 + 2 // 

Sample 13.3 A resistance strain gauge with a gauge factor of 2 is 
"rented to a steel member, which is subjected to a strain of 1 x l(r« If the 
or ‘ginal resistance value of the gauge is 130 ft calculate the change in 
distance. 


( 13 . 8 ) 
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Solution Given: 


Therefore, 




AR/R 

Ti/'i 


AR = KRti ! 1 
AR = 2 x 130 x 1 x 10 6 -260 


. . value R of a strain gauge is typically around bn, 
The initial res.stance value o Nickel) _ 12 to + 6. A gauge 1,“ 

and the gauge factor may gauges. Semiconductor gauge have 

2 is reasonable for most strain gauges, e. 6 nave high,, 

Se ThiliSn gauge is normally used in a bridge arrangement in which k 
gauge forms one arm of the bridge. The bridge may be ac or dc actuated, a 
simple dc arrangement is shown in Fig. 13.5. Only one of the gauge, 
active element, producing an 


output proportional to the strain. 
The other (dummy) gauge is not 
strained, but simply balances the 
bridge (compensation). Since, the 
resistance of the fine wire element 
is sensitive to temperature as well 
as stress variation, any change in 
temperature will cause a change in 
the bridge balance conditions. This 
effect can cause error in the strain 
measurement (thereby affecting 
the accuracy). Hence, when 



Fig. 13.5 Strain gauge used in bridge 

arrangement 

temperature variations are significant, or when unusual accuracy is rc( l 
some compensation must be used. The dummy gauge accomplishes this, bee* 
it is placed in the same temperature environment as the active gauges, but n 
subjected to strain. Consequently, the temperature causes the same ch ^ C (hc 
resistance in the two strain gauges and the bridge balance is not affcctcc y 
temperature. 

If the two resistors R ] and R 2 have negligible temperature coeffiew®’. 
bridge retains its balance under conditions of no-strain, at any tempera 11 " 1 
its operating range. ' , ^ is 

(However, one of the two gauges in mounted so that its sensitivity 
at right angles to the direction of strain) . lt ioii 1,1 

The resistance of this dummy gauge is not affected by the 
the material and it therefore acts like a passive resistance, with rep*" 
measurement. 

Since only one gauge responds to the strain, the strain causes bridS c 
just as in the case of a single gauge. 


the 
with> n 
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3 6 2 TyP es of Strain Gau 8 es (Wire) 

1 * | Grid type 
2 ’ Rossette type 
3 ' Torque type 
4' Helical type 

The arrangement of the wire element in a bonded strain gauge creates a 
iblem not encountered in the use of unbonded strain gauges. To be useful as a 
strain gauge, the wire element must measure strain 
a l on g one axis. Therefore complete and accurate 
analysis of strain in a rigid member is impossible, 
unless the direction and magnitude of stress are 
known. The measuring axis of a strain gauge is 
its longitudinal axis, which is parallel to the wire 
element, as shown in Fig. 13.6. 



Direction 
of Strain 


Fig. I3.G Grid type strain 
gauge 

ement, as snown 111 ng. 10.o. 

When a strain occurs in the member being measured, along the transverse a A i a 
of the gauge, it also affects the strain being measured parallel to the longitudinal 
axis. This introduces an error in the response of the gauge. 


axis 


In most applications, some degree of strain is present along the transverse 
axis and the transverse sensitivity must be considered in the final gauge output. 
Transverse sensitivity cannot be completely eliminated, and in highly accurate 
measurements the resultant gauge error must be compensated for. 

If the axis of the strain in a component is unknown, strain gauges may be 
used to determine the exact direction. The standard procedure is to place several 
gauges at a point on the member’s surface, with known angles between them. 
The magnitude of strain in each individual gauge is measured, and used in the 
geometrical determination of the strain in the member. Figure 13.7 shows a three- 
element strain gauge, called a Rossette gauge , in which the angle between any 
hvo longitudinal gauge axes is 45°. 


Strain 
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Base 
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Fig. 13.7 Rossette gauge 
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The 45° Rossette gauge is, in general, the most popular one. There a 
shapes and sizes of strain gauges lor various purposes. re ^ifr^ 

Serving a similar, but not speeialised, purpose are gauges with 
modified grid configurations, such as those shown in Figs. 13.8(a), (h) ^'ally 



Fig. 13.8 (a) and (c) Torque type gauge (b) Helical gauge 


A measurement of this type would be useful at the cross-point of an X-shaped 
frame. 


The latest in strain gauges is the etched foil strain gauge. This device uses the 
technique of PCB design. Its physical and electrical characteristics are superior 
to bonded wire strain gauges in almost every respect. 

The size of strain gauges varies with application. They can be as small as 3 
sq.mm. Usually they are larger, but not more than 2.5 mm long and 12.5 m 
wide. 


To obtain good results, it is desirable that a resistance wire strain gauge have 
the following characteristics. 

1 . The strain gauge should have a high value of gauge factor (a high value 
of gauge factor indicates a large change in resistance for particular stra 1 


implying high sensitivity). jnce 

2. The resistance of the strain gauge should be as high as possible,^ 

this minimises the effects of undesirable variations of resistance^ ^ 
measurement circuit. Typical resistances of strain gauges are 
350 12 and 1000 12. . or( j er to 

A high resistance value results in lower sensitivity. Hence, 

get high sensitivity, higher bridge voltages have to be used, i flf & 
voltage is limited by the maximum current carrying ca P aC 
wires, which is typically 30 mA. ^turecoe^; 

3. The strain gauge should have a low resistance temped 
This is necessary to minimise errors on account of tempe 
which affects the accuracy of measurements. (Temper ature 

is also used.). reS pon se 

4. The strain gauge should not have hysteresis effects m 1 
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In order to maintain constancy of calibration over the entire range of the 
strain gauge, it should have linear characteristics, i.e. the variation in 
resistance should be a linear function of the strain. 

6 Strain gauges are frequently used for dynamic measurements and hence 
their frequency response should be good. Linearity should be maintained 
within specified accuracy limits over the entire frequency range. 

7 Leads used must be of materials which have low and stable resistivity 
and low resistance temperature coefficient. 

13.63 Foil Strain Gauge 

This class of strain gauges is an extension of the resistance wire strain gauge. 

The strain is sensed with the help of a metal foil. The metals and alloys used for 
the foil and wire are nichrome, constantan (Ni + Cu), isoelastic (Ni + Cr + Mo), 
nickel and platinum. 

Foil gauges have a much greater dissipation capacity than wire wound gauges, 
on account of their larger surface area for the same volume. For this reason, they 
can be used for a higher operating temperature range. Also, the large surface area 
of foil gauges leads to better bonding. 

Foil type strain gauges have similar characteristics to wire strain gauges. Their 
gauge factors are typically the same. 

The advantage of foil type strain gauges is that they can be fabricated on a 
large scale, and in any shape. The foil can also be etched on a carrier. 

Etched foil gauge construction consists of first bonding a layer of strain 
sensitive material to a thin sheet of paper or bakelite. The portion of the metal to 
be used as the wire element is covered with appropriate masking material, and an 
etching solution is applied to the unit. The solution removes that portion of the 
metal which is not masked, leaving the desired grid structure intact. 

This method of construction enables 

etched foil strain gauges to be made 

thinner than comparable wire units, as 

s hown in Fig. 13.9. This characteris- 

J cs » together with a greater degree of 

Ability, allows the etched foil to be 

ttjotmted in more remote and restricted 

* es an d on a wide range of curved 
stirfaces. 

foii^ 6 * on 8t tu dinal sensitivity of the 
th an ^ u § e is approximately 5% greater 
trajt Sv ^ °^ s ^ m ii ar wire elements. The 
^ strain sensitivity of this 
ga U g ls Waller 1/3 to 1/2 of similar wire gauges. The hysteresis of the foil 

(T e h ls a lso 1/3 to 1/2 of a wire strain gauge. 
r e$j st& e term hysteresis, as used in strain gauges, is defined as follows. If the 
nce °f a strain sause is measured with no strain applied, and th* „„„_ • 
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Fig. 13.9 Foil type strain gauge 


then stressed to its maximum usable resistance value, the me as 
after the stress is removed, differs from the original value. The^^ r %ta 
gauge element to resume the exact physical form it had before 
Produces the difference in resistance. This effect is called hystere^ 

The resistance film formed is typically 0.2 mm thick. The res^^ ** 
commercially available foil gauges is between 50 and 1000 Q *!!? nce y al Ue 
films are vacuum coated with ceramic film and deposited on a i 6 res '% 
for insulation. p,ast ic b ac J 

13.6.4 Semiconductor Strain Gauge 

To have a high sensitivity, a high value of gauge factor is desirable a v 
factor means relatively higher change in resistance, which can be ea *i hlgh gaiI l 
with a good degree of accuracy. S1 ^ rnea sun 

Semiconductor strain gauges are used when a very hieh * 
required. They have a gauge factor 50 times as high as wire strain f ^ 1 
resistance of the semiconductor changes with change in applied strafT 868 ’^ 
Semiconductor strain gauges depend for their action upon the nie 7 n rP • 

metal I ’ 1 * ^ ^ ° f ^ "**“» due *«£ inSl * 
metallic gauges where change in resistance is mainly due to the chL i 

dimension when strained. Semiconductor materials such as germanium * 

silicon are used as resistive materials. 

A typical strain gauge consists of 

^ _ j • ... 


a strain material and leads that are 
placed in a protective box, as shown 
in Fig. 13.10. Semiconductor wafer or 
filaments which have a thickness of 
0.05 mm are used. They are bonded 
on suitable insulating substrates, such 
as teflon 


Base 

\i 


t 


5 


Semi 
Conductor 



Electrodes 

Fig. I3.ID Semiconductor strain 


> i t 

Gold leads are generally used for making contacts. These strain gaug esca " 
be fabricated along with an IC Op Amp which can act as a pressure sens .* 
transducer. The large gauge factor is accompanied by a thermal rate of' « 
resistance approximately 50 times higher than that for resistive gauges- H* 
a semiconductor strain gauge is as stable as the metallic type, but has a 
higher output. r 

Simple temperature compensation methods can be applied to sernic0 ° ls o # 

strain gauges, so that small values of strain, that is micro strains, ca 
measured. jo?» 

The gauge factor of this type of semiconductor strain gaug e 
for a unit of 350 Q. 1” long, lar wide and ooor thlck . The g^ llS < 

d^ermmed at room temperature at a tensile strain level of 
(1000 micro m/m. of length). The maximum operating tensile 
micro strain, with a power dissipation of 0.1 W. The semiconduc 

also has low hvsteresis anH 1C _i.'11 a _1 ^ — tYl ^thods 0 
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sation. The semiconductor strain gauge has proved itself to be a stable 

(ifltfP 611 t j ca ] device for operation with conventional indicating and recording 

and P rJC fo measure small strains from 0.1-500 micro strain. 

..stems* 

r aes of semiconductor Strain Gauge 

^vant* g em j con ductor strain gauges have a high gauge factor of about +130. 

’ allows measurement of very small strains, of the order of 0.01 
micro strain. 

Hysteresis characteristics of semiconductor strain gauges are excellent, 
i.e. less than 0.05%. 

Life in excess of 10 x 10 6 operations arid a frequency response ot 

1Q i2 

4 Semiconductor strain gauges can be very small in size, ranging in length 
from 0.7 to 7.0 mm. 

Disadva ^ sens j t j ve t0 changes in temperature. 

2 Linearity of semiconductor strain gauges is poor. 

3. They are more expensive. 

temperature, i.e. it uses the change m the electncal reststa 

determine the temperature. tpr i s its sensing element. The 

The main part of a resistance "“^es l sensitivity and operating 
characteristics of the sensing element detenmnes tn 

temperature range of the instrument. ature sensitive resistive elements 

(There are three common types of P d the PTC semiconductor 

in use, the wire wound resistance, the thermisto 

resistance.) material that exhibits a relatively large 

The sensing element may be any m ^ ^ material used should be 

resistance change with change in temp n( . e nor jts temperature coefficient 

stable in its characteristics, i.e. neit er l with use or age. 

°f resistance should undergo permanen cm g (hermometer> it is necessary to 
To maintain the calibration of a resiste , limits the temperature 

insider its stability. The need for stab.bty 

rai >ge over which the sensing elemen sensing element is a linear change in 
Another desirable characteristic tor 

distance with change in tempe rature ' res p 0n ds to changes in temperature 
T he speed with which a resistive eie . ub j ecte d to rapid variations. The 
ls Sortant when the measured temperature 


1 refer Sec. 13.20.2 (RTD’s 
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smaller a given sensing clement, the less heat required to raise its ten^ 

and the faster its response. H, 

Platinum, nickel and copper are the metals most commonly used to », 
temperature. The resistivity of platinum tends to increase less rapidly at 
temperatures than for other metals, hence it is a commonly used materi 
resistance thermometers. The temperature range over which platinuJ ^ 
stability is -260-1100°C. ^ 

Figure 13.11(a) shows an industrial platinum resistance thermometer 
The changes in resistance caused by changes in temperature are detect d 
a Wheatstone bridge, as shown in Fig. 13.11(b). Hence, the temperature sen ■' 
element, which may be nickel, copper or platinum contained in a bulb or in’ 
along with the balancing bridge, form the essential components of a temperate 
measuring system based upon this principle. 



Fig. 13.11 (a) industrial platinum resistance thermometer (b) Bridge circuit 


The sensing element R s is made of a material having a high temper^ 
coefficient, and R h R 2 , and R 5 are made of resistances that are practically constan 
under normal temperature changes. ^ 

When no current flows through the galvanometer, the normal principl 
Wheatstone’s bridge states the ratio of resistance is 




R-, R< 


v 2 iv 5 J itS 

In normal practice, the sensing element is away from the indicator- 
leads have a resistance, say R 3 , R 4 , 

Therefore, 

_ R3 + R s + R 4 
R, ~ 


th e 


• ed ^ h\e 

Now it resistance R s changes, balance cannot be maintain^ * 
galvanometer shows a deflection, which can be calibrated to g lV 
temperature scale. 


. a ges of R 

Apical f esist 


’ 1^0 


l. 

2 - 

3- 

4. 


5. 


6 . 


7. 

8 . 


9. 
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2 . 

3. 

4. 

5 . 


s of Resistance Thermometers The measurement of temperature by the 
^yaptag reS j stance method has the following advantages and characteristics. 
eleCtriC \he measurement is very accurate. 

1 It has a lot of flexibility with regard to choice of measuring equipment. 
Indicators, recorders or controllers can also be operated. 

More than one resistance element can be clubbed to the same indicating/ 
recording instrument. 

The temperature sensitive resistance element can be easily installed and 

replaced. 

The accuracy of the measuring circuit can be easily checked by 
substituting a standard resistor for the resistive element. 

Resistive elements can be used to measure differential temperature. 
Resistance thermometers have a wide working range without loss of 
accuracy, and can be used for temperature ranges (-200°C to + 650°C). 
They are best suited for remote indication. j 
The resistive element response time is of the drder of 2 to 1 Os 
The limits of error of a resistive element are ± 0.25% of the scale 

reading. 

The size of the resistive element may be about 6-12 mm in diameter 
and 12 - 75 mm in length. 

13. Extremely accurate temperature sensing. 

14. No necessity of temperature compensation. 

15. Stability of performance over long periods of time. 

Limitations of Resistance Thermometer 

1. High cost 

2. Need for bridge circuit and power source 

3. Possibility of self-heating 

4- Large bulb size, compared to a thermocouple 


7. 

8 . 

9. 

10 . 
11 . 

12 . 


ItJERMlSTOR 


13.8 


electrical resistance of most materials changes with temperature. By 
electing materials that are very temperature sensitive, devices that are useful in 
Serature control circuits and for temperature measurements can be made. 

Th ennistor (THERMally sensitive resISTOR) are non-metallic resistors 
^conductor material), made by sintering mixtures of metallic oxides such as 
Jjanese, nickel, cobalt, copper and uranium. 
d ecr errn istors have a Negative Temperature Coefficient (NTC), i.e. resistance 
C ases as tem perature rises. Figure 13.12 shows a graph of resistance vs 
jypP^hire fo r a thermistor. The resistance at room temperature (25°C) for 
^oni 0mmercia l units ranges from 100 Q to 10 MQ. They are suitable for 
\ er ^ U P t0 about 800°C. In some cases, the resistance of thermistors at room 
S ^iti^t may decrease by 5% for each 1°C rise in temperature. This high 
SC t0 tem P era ture changes makes the thermistor extremely useful for 
em Perature measurements, control and compensation. 
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The smallest thermistors are made 
in the form of beads. Some are as small 
as 0.15 mm (0.006 in.) in diameter. 
These may come in a glass coating or 
sealed in the tip of solid glass probes. 
Glass probes have a diameter of about 
2.5 mm and a length which varies 
from 6-50 mm. The probes are used 
for measuring the temperature of 
liquids. The resistance ranges from 
300 Q to 100 MQ. 

Where greater power dissipations 
is required, thermistors may be ob¬ 
tained in disc, washer or rod forms. 



tI ° ^°nti 
v Tern Peratu, e • 


, 200 2 » 30« 

Temperature °c 


Fig. 13.12 Resistance vs temperature 
of a thermistor 


graph 


Disc thermistors about 10 mm in diameter, either self sunnortino 

mid T 31 P ' ate ’ 316 ma ' nly USed for tem P erature control. These thermistm'* 
made by pressing themistors material under several tons ofnressureT 
die to produce flat rvi#v»pc i os os • «. P Tire in a round 

piouuce nat pieces 1.25 - 25 mm in diameter and 0 25 - 0 7 S mm 

: ot ■ a 

forS h iI r th^ t<>rS '"I ^ lik£ disC therm > stora . except that a holes 
thZfstor ir md T der t0 make them SUitable for hunting O" * boll. Rod 
eXtrUded thr ° Ugh dies to make long cylindrical units of 1.25, 

end ofthemd T meter and 12 - 5 ~ 50mm tong. Leads are attached tothe 
end of the rods. Then resistance usually varies from 1 - 50 k£2. 

j ™ a ^ C ? r0< ^ ^ erm TStors over other configurations is the ability to 

pr0du “^f reslsta "“ «s with moderately high power handling capability- 

rennirilT ; ““I* 6 connected ln series/parallel combinations for application 

annliHIL d P ° Wer handlin S capability. High resistance units & 

““ ^t employ low lead wires or cables. 

Their wide *** 1 e to Ica *ly stable and can be used in nuclear environ®® 

Jnd rel w 86 cte *** i **» *o permits them to be used in 

memojS ° “ tUne deIays ’ for integration of power pulses, an 

nT^ a iI herm K t0 I COnfigUrati0nS are as shown in Fig. 13.13(a)- 

13.13(b) shows abush type thermistor ^ 

A thermistor in one arm of a Wheatstone bridge provides precise te®" r> 

information. Accuracy is limits • 5 p the 

devices. Y mited ’ ln most applications, only by 

Thermistor are non-linear devices over a temperature range, 
units wtth better than 0.2% linearity Qver ^ temp erature 

200 C* ® ^ tyP ‘ Ca SenS,t ' Vity of a thermistor is approximately 3 




alth° uS ^ 
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Fig 13-13 (a) Various configurations of thermistor (b) Bush-type thermistor 

Advantages of Thermistor 

1 Small size and low cost. 

2 Fast response over narrow temperature range. 

3 . Good sensitivity in the NTC region. 

4. Cold junction compensation not required due to dependence of resistance 
on absolute temperature. 

5. Contact and lead resistance problems not encountered due to large th 
(resistance). 


Limitations of Thermistor . 

1. Non-linearity in resistance vs temperature characteristics. 

2. Unsuitable for wide temperature range. 

3. Very low excitation current to avoid self-heating. 

4. Need of shielded power lines, filters, etc. dueito high resis 

'^nple 13.4 ne cir cuit of Fig. 1 Wk g* ^ZloZZeZZ 

Measurement. The thermistor is a 4 kQtype. The me er is 
«resistance of 3 D. R c is set to 17 U and supply V, is 15 V. What will be the 

Meter reading at 77°F (25°C) and at 150°F. 

From the graph of temperature versus resistance, the -stance at 

^ is 4 kQ. Therefore the current at 25 C is 

T/ 1 K 15 m _ A 


1 R. 4000 + 17 + 3 4020 

■4'^F, the graph shows that the thermistor resistance is approxmrately 
■ meter reading will then be 

t V. 15 ^ = 15.5 mA. 


= 3.73 mA. 


= 15.5 mA. 


950 + 17 + 3 
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INDUCTIVE TRANSDUCER 

-- —— ____ 

^“7 transducers ma y be either of the self generating or the passi^t 
e self generatmg type utilises the basic electrical generator principle if. 

feLTatoffctT " C °" duCt0 | r and magnetic field induces a voltage inthecondtt 

InnnlipH h u ' ThlS u relatlve motion be ‘ween the field and the conductor is 
supplied by changes in the measured. 

An inductive electromechanical transducer isi device that converts physical 
motion (position change) into a change in inductance. 

prindples CerS ° f ^ inductan ? e type work upon one of the following 

1. Variation of self inductance 

2. Variation of mutual inductance 

~, inductive transducers are mainly used for the measurement of displacement 

The displacement to be measured is arranged to cause variation in any of ** 
variables 

1. Number of turns 

2. Geometric configuration 

3. Permeability of the magnetic material or magnetic circuits rjie 
or example let us consider the case of a general inductive trans^ .j 

haS * *“ n “ a “ d a -luctanee *. When a current /» 

through it, the flux is 

■ Ni 

0= T 


Therefore — = 


d(f) 

dt 


_ -V di 

2 x 7t 


Ni dR 
—r X- 

R 1 dt 


If the current varies verv nmirn*. 
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(13.9) 


, n1 f indueed in the coil is given by e = N x dQldt 


Therefore 


a ; N di 

e= Nx —x — 
2 dt 


N 1 di 
— x — 
R dt 


, self inductance is given by 


e N 

L= —— = — (13.10) 

di/dt R 

Therefore, the output from an inductive transducer can be in the form of either 
a change in voltage or a change in inductance. 

13.9.1 Change in Self Inductance with Numbers of Turns 

The output may be caused by a change in the number of turns. 

Figures 13.14(a) and (b) are transducers used for the measurement of 
displacement of linear and angular movement respectively. 



Output 


Displacement 


Wiper 



> Output 


Fig. 13.14 (a) Linear inductive transducer (using air core) 

(b) Angular inductive transducer (using ferrite core) 

Figure 13.14(a) is an air cored transducer for measurement of linear 
^placement. 

Figure 13.14(b) is an iron cored coil used for the measurement of angular 

displacement. 

In both cases, as the number of turns are changed, the self inductance and the 
° Ut Put also changes. 

139 •) 

* 1 Transducer Working on the Principle of Change in Self Inductance 
p. with Change in Permeability 

v a ^ e 13 ' 15 shows an inductive transducer which works on the principle of the 
SUrr ound permeabilit y causing a change in self inductance. The iron core is 
is inor! 6d by a win ding. If the iron core is inside the winding its nerm 

so is the inductance. When the iron core ismoved ™ ^ ^ 
of the t ’ i | P ermeabllity decreases, resulting in a reduction of the self inH . 

' Tlus transducer can be used for measuring displaceme * m< ^ ucta nce 
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Fig. 13.15 


Inductive transducer working on the principle of variation of 



13.93 Variable Reluctance Type Transducer 

A transducer of the variable type consists of a coil wound on a ferromagnetic 
core. The displacement which is to be measured is applied to a ferromagnetic 
target. The target does not have any physical contact with the core on which 
it is mounted. The core and the target are separated by an air gap, as shown in 
Fig. 13.16(a). 


Displacement 



Fig. 13.16 (a) Variable reluctance transducer 


The reluctance of the magnetic path is determined by the size of the a ' r ^ 
The inductance of the coil depends upon the reluctance of the magnet^ 

The self inductance of the coil is given by 





where N = number of turns 



Rj - reluctance of iron parts 

R z = reluctance of air gap ir t# 

The reluctance of the iron part is negligible compared to that o ^ |.' 
Therefore £ = j^/r 

But reluctance of the air gap is given by 
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R ~ « 

, • g ~^A ( 13 . 13 ) 

/ = length of the air gap 0 * 

' vt ' ere / = area of the flux path through air 
H o = permeability 

d js proportional to lg, as fi Q and Ag are constants. 

C Hence l is P™ p ° rtl0 * al to 1 /lg i.e. the self inductance of the coil is inversely 
r0 portio nal to the length of the air gap. 

P When the target is near the core, the length is small and therefore the self 
inductance large. But when the target is away from the core the reluctance is 
large, resulting in a smaller self inductance value. Hence the inductance of the 
coil is a function of the distance of the target from the core, i.e. the length of the 
air gap. 

Since it is the displacement which changes the length of the air gap, the self 
inductance is a function of displacement, albeit a non-linear one. 

A variable reluctance bridge is shown in Fig. 13.16(b). 


Power Input 
Transformer 


Attached to Physical 
Member 

Iron Bar 


Air Gap! 


Air Gap 



E Core 


Fig. 13.16 (b) Variable reluctance bridge circuit 

a 14 . i/ia iprr nf ori R core cine! Bti iron b&r is 

Pivo, S H Parate Coil is W0Und °" eaCh °, ds from each outside leg through an air 
PIV °N on the centre leg. A magnet extends from eacnouo.u & 

through the iron bar to the^centre, lefr ^ ^ causes ^ bar 

^ l>le back and forth, thereby varying *J.* 1 ” d a tapped secondary of the 
'“Put r,^ 86 conslsts of two tra " sduc , hen the inductance of the two 

CC: r Sf0rmer T 11 iS trthe iron baTl in a neariy exact horizontal 
Posit 0lls are e< l ua1 ’ i e * whe m 
1011 an d the air gaps are equal. 


! J 
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. „♦ nnint A moves and alters the air p a „ 

Whenever the iron bar at P jona , t0 the change^ ^bu 

becomes unbalanced by an an P of(hemovj "'*0* 

which m turn is proportional to tn F • ° me mber 

The increase and decrease of the inductance with vtuy.ngan gap si 
linear, and so is the output. Also, the flux dens.ty wtthtn the air gaps 
affected by external fields. 


Example 13.5 A variable reluctance type inductive transducer has Q 
of inductance of2500 pH When the target made of ferromagnetic mater£ 
1mm away from the core. Calculate the value of inductance ' 
displacement of 0.04 mm is applied to the target in a direction moving 
towards the core. 


Solution Given inductance with gap length of 1 mm is L — 2500 jiH 
Step 1: Length of air gap when a displacement is applied to the target 
= 1.00 - 0.04 = 0.96 mm 

Step 2: Now inductance is inversely proportional to the length of air gap 
Therefore ‘Z,’ with gap length of 0.96 mm 


= L + AL = 2500 pH x 


-= 2604 pH 

0.96 mm 


Step 3: Therefore, change in inductance 

AL = 2604 pH - 2500 uH = 104 pH 


DIFFERENTIAL OUTPUT TRANSDUCERS 


The differential output transducer consists of a coil which is divide i^ 

nnrfc tic chmim in Pirrc 1 'X 1 Tfnt ~_1 /T_\ 


r* 1 - 


X -- — -w 

parts, as shown in Figs. 13.17(a) and (b). 

(Inductive transducers using self inductance as a variable use on£ coil* *•- 
those using mutual inductance as a variable use multiple coils.) 

Normally the change in self inductance., AT. for inductive transducers. O' ^ .• 

the principle of change of self inductance) is not sufficient for detect ‘ 
>seauent stapes nf the inctmrr.or*_. 


on 


“ w - J lo 

subsequent stages of the instrumentation svstem. 

TT * p • 


or AV 


* w -^vmuuuu o YolClll. 

However, if successive stages of the instrument respond to AL ° 

? j. *r «. i/± »i/ a ... jjisfie 


i/. 


w 


. 


, ut me uisirumeni respoiiu 

than L + AL,otM+ AM, the sensitivity and accuracy will be muc 
The transducers can be designed to provide two outputs, one e 
represents inductance (seif or mutual) and the other the decrease in 
(self or mutual). The succeeding stages of the instrumentation system - 
the difference between these outputs. This is known as differential ou*t • 


a. 

Advantages of Differential Output 

1. Sensitivity and accuracy are increased. 

Output is less affected by external magnetic fields. 

Effective variations due to temperatur; changes are reduce^ 
ec o c ange in supply voltages and frequency are re*-- 
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3. 

4. 


In response to a physical signal (which is normally displacement), the 
in ductance of one part greases from L to I + A L, while that of the other part 
decreases from LtoL-AL. The change is measured as the difference of the two, 
resulting in an out P ut oil AL instead of AL, when one winding is used. This 
increases the sensitivity and also eliminates error. 

Inductive transducers using the change in the number of turns to cause a 
change in the self inductance are shown in Fig. 13.17. 

Figure 13.17(a) is used for measurement of linear displacement using an air 

cored coil. 

Figure 13.17(b) is used for the measurement of angular displacement using 
an iron cored coil. 



(a) (b) 

Fig. 13.17 (a) Linear differential output transducer (b) Angular differential 

output transducer 

Figure 13.18 shows an inductive transducer giving a differential output. The 
output represents a change of self inductance due to change of reluctance. (This 
inductive transducer also works on the principle of change of self inductance of 
the two coils with change in reluctance of the path of the magnetic circuit. The 
^get as well as cores on which the coil is wound are made up of iron.) 
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The transformer consists of a single primary winding P, and two secondaiy 
windings S l and S 2 wound on a hollow cylindrical former. The secondaiy 
windings have an equal number of turns and are identically placed on either side 
of the primary windings. The primary winding is connected to an ac source. 

An movable soft iron core slides within the hollow former and therefore 
affects the magnetic coupling between the primary and the two secondaries. 

The displacement to be measured is applied to an arm attached to the soft iron 
core. 


(In practice, the core is made up of a nickel-iron alloy which is slotted 
longitudinally to reduce eddy current losses.) 

When the core is in its normal (null) position, equal voltages are induced in 
the two secondary windings. The frequency of the ac applied to the pn^ 
winding ranges from 50 Hz to 20 kHz. 


The output voltage of the secondary windings 5, is Ec< and that of secondary 
winding S 2 is E^. 1 51 

In order to convert the output from 5, to S, into a single voltage ^ 
the two secondaries 5, and S 2 are connected in series opposition, as sho^n 
Fig. 13.20. 


Hence the output voltage of the transducer is the difference of the two v» ltag£ ' 
Therefore the differential output voltage E„ = E„ ~ E„. ,, n[1 daff 

When the core is at its normal position, the flux linking with both J 
windings is equal, and hence equal emfs are induced in them. Hen<*eof 
position E sl - E a . Since the output voltage of the transducer is the ih L 
the two voltages, the output voltage E„ is zero at null position. |||lks ^ 
Now, if the core is moved to the left of the null position, more ^ 
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ending S, ,S f e ^ rti f n fa- The magnitude of the output voltage of the 
jjcondaiy is then £ S1 in phase with E SI (the output voltage of secondary 
. J.'nfT ,Si I. J 




Secondary 


primary 



AC Input 


Primary 


Displacement 


(Sectional View) 



(a) Construction 


(b) Basic Circuit 


Fig. 13.20 Secondary winding connected for differential output 

Similarly, if the core is moved to the right of the null position, the flux 
linking with winding S 2 becomes greater than that linked with winding S j. This 
results in E s2 becoming larger than E Si . The output voltage in this case is E 0 - 

^S2 “ ^Sl and is in phase with E^. ... . 

The amount of voltage change in either secondary winding is proportional 

to the amount of movement of the core. Hence, we have an indication of the 

amount of linear motion. By noting which output is increasing or decreasing, 

the direction of motion can be determined. The output ac vo tage inver s as e 

core passes the centre position. The farther the core moves rcmj ® greater 

greater the difference in value between E sl and 52 al J ° 0I ^ t th core ^ as 

the value of F Hence the amplitude is function of the distance the core has 

value 01 E 0 . Hence, tn P direction of motion, as shown in 

moved, and the polarity or phase indicates the direction oi 

F ' 8 ; 13 - 21 - . .. from the null position, the difference 

v As the enreis moved .none dire two voltages increases , while 

^ge, i.e. the difference of voltaee from the input source. In the 

Maintaining an in-phase relation wi d jfp erence voltage increases but is 180° 

olh er direction from the null position, the difference g 

0ut of phase with the voltage from the the difference output voltage with 

that y r Com P ann S the ma g nitude an Hirect i on of the movement of the core and 
ltldt of the source, the amount and direction 01 

T? of the displacement may be d J te measu red to determine the displacement. 

Twrr' ° f ,° UtPUt rTa^phed marecorder or to a controller that can 

'“I'je the moving system to its normal position. j 

fc .output voltage of an LVDT is a linear function of the core displacement 
a limited mnt nf motion (say 5 mm from the null position). 
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Figure 13.21 (d) shows the variation of the output voltage agai nst . 

For various position of the core. The curve is practically \\ 
displacements (up to 5 mm). Beyond this range, the curve starts f ° r sj 1 
The diagram in Figs 13.21(a), (b) and (c) shows the core of L T ? eviat e ^ 
different positions. LVDT att hr 

in Fig. 13.21(b), the core is at O, which is the central zero ^ 

Therefore, E sl = Esi and E 0 = 0. ° r nul1 Po^ 

When the core is moved to the left, as in Fig. 13.21(a) and ' 

more than E a and E 0 is positive. This movement represents a positiv^ A * ^ i 
therefore the phase angle, is 0 = 0°. e Va toe an( 

When the core is moved to the right towards B, i s m-eat^r 
ence E 0 is negative. Therefore, S 2 the output voltage is 180° out of nK ^ ^ ail( 
vo tage which is obtained when the core is moved to the left Tho r>v, aSe 
are linear from O-AmdO-B, but after that they become non-lin^^ 
One advantage of an LVDT over the inductive bridge type is that it , 
higher output voltage for small changes in core position Several c/** 
models that produce 50 mV/mm to 300 mV/mm are avaftable 300 v! 4 

3 1 mm dlSP ' aCement ° f the core P^uces a voltage oj™ 




Core at A 
(a) 



Core at O 
(b) 


Core at B 

(c) 


4 » = 180 ° 


E 0 Output 
Voltage 



<}> = 0 ° 

■ Linear 

- Residual 
Voltage 
+ 


10 A 
Displacement 


In-Phase 

Output 

Voltage 

A 

l4 

[/ 

Position 




Out of phase 


w • ^)» ( c ) Various core position of LVDT 

ariation of output voltage vs displacement ^ 

LVDTs are available with ranges as low as ± 0.05 in. to as high 
are sens.t.ve enough to be used to measure displacements of well be*" 
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c an be obtained for operation at temperatures as low as - 265°C and as 
i fl ■^ ie ^+ 600°C and are also available in radiation resistance designs for nuclear 

Hi* 118 * 

^ t,onS - 

ntag eS0fLVDT 

linearity The output voltage of this transducer is practically linear for 
displacements u P t0 5 mm (a linearity of 0.05% is available in commercial 
LVDTs). 

2 Infinite resolution The change in output voltage is stepless. The 
effective resolution depends more on the test equipment than on the 
transducer. 

High output It gives a high output (therefore there is frequently no 
need for intermediate amplification devices). 

High sensitivity The transducer possesses a sensitivity as high as 
40 V/mm. 

Ruggedness These transducers can usually tolerate a high degree of 
vibration and shock. 

Less friction There are no sliding contacts. 

low hysteresis This transducer has a low hysteresis, hence repeatability 
is excellent under all conditions. 

Low power consumption Most LVDTs consume less than 1 W o 
power. 


3. 


4. 


6 . 

7. 

8 . 


Disadvantages 


1 . 

2 . 

3. 

4. 

5. 


Large displacements are required for appreciable differential output 
They are sensitive to stray magnetic fields (but shielding is possible)^ 
The receiving instrument must be selected to operate on ac signa s, 

demodulator network must be used if a dc output 1S , , 

The dynamic response is limited mechanically by the mass of the 

and electrically by the applied voltage. 

Temperature also affects the transducer. 


Example 13.6 An ac LVDT has the following data. 

Input = 6.3 V, Output = 5.2 V, range ± 05 in fl core movemen , 

( 1 ) Calculate the output voltage vs P 

going from + 0.45 in. to - 0.30 m. ^ cenm , 

( l 0 The output voltage when the coie is 

Solution 

r-\ , « o v therefore a 0.45 in. core 

^ 0-5 in. core displacement produ •- ’ 

Movement produces (0.45 x 5.2)/0. • 

Similarly a - 0.30 in. core movement P rodu( ; es 

(- 0.30 x - 5.2)/(- 0-5) = - 3.12 V 

0-25 in. core movement produces 

(_ 0.25 x- 5jV(- Q- 5 > = - 2 ’ 6 V _ 


(ii) 
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* ««— w yr.y --*^ 
“S!TpSr.““«* l, ”“' fa “' w 2”t“? l>tWi «, 

electromechanical transducer that provides a van mating cmT ent ( 

output voltage that is linearly proportional to the angular displacement 0 f lt | 
input shaft. When energized with a fixed ac source, the output signal is lj 
within a specified range over the angular displacement. 


‘VJ 

linear 



Fig 13.22 Rotational variable differential transducer 

The RVDT is similar in construction to the LVDT, except that a cam-shaped 
core replaces the core in the LVDT as shown in Fig 13.22. 

If the core is at the centre as in the case of LVDT, equal flux is linked with both 
secondary windings. Equal voltages are developed from the primary windings ' 0 
the secondary windings. Hence the output being the differential output will be 
zero or null. 

If the core is turned above the centre, the flux linking with one winding i- 
increases while the other ^ decreases. Hence the output can be consider 
positive value. ^ 

If the core is turned in the other direction, the flux linking with w>n dl " 8 f 
reduces, while that linked with winding S 2 increases, hence producing 
phase output that is in the opposite direction that is a negative value- m 
Hence the output gives the magnitude and direction of rotation. Hence ang 

1 _ ___ A. _ 1 

tw'O' 


displacement can be measured. 


salient 


Most RVDT s are composed of a wound, laminated stator and a 0 
pole rotor. The stator, containing four slots, contains both the primal^ 
the two secondary wmdmgs. Some secondary windings may also be «* ^ 


RVDT’s utilize brushless, non-contacting technology to ensure 
reliable, repeatable position sensing with infinite resolution. Such 


reli a 
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Kip performance assures accurate 
conditions. n sensin 8 un der the most extreme 


0 pek«*— 

*£t t««y ‘° ‘b^mechanicaUngl^oTthe rotor C (9- ndary WindingS ’ F| a "‘ 
; T l,e difference K, - V 2 gives a proportional voltage! 

AY=2-G-9 

d sum of the voltages is a constant: 

C~XV=2-V 0 

This constant gives the RVDT great stability of the angular information, 
independence of the input voltage or frequency, or temperature and enables it to 
also detect a malfunction. 

Basic RVDT construction and operation is provided by rotating an iron-core 
bearing supported within a housed stator assembly. The housing is passivated 
stainless steel. The stator consists of a primary excitation coil and a pair of 
secondary output coils. A fixed alternating current excitation is applied to the 
primary stator coil that is electromagnetically coupled to the secondary coils. 
This coupling is proportional to the angle of the input shaft. The output pair is 
structured so that one coil is in-phase with the excitation coil, and the second is 
180 degrees out-of-phase with the excitation coil. When the rotor is in a position 
that directs the available flux equally in both the in-phase and out-of-phase coils, 
the output voltages cancel and result in a zero value signal. This is referred to as 
the Electrical Zero position or EZ. When the rotor shaft is displaced from EZ, the 
resulting output signals have a magnitude and phase relationship proportional to 
the direction of rotation. Because RVDTs perform essentially like a trans or ™ er ’ 
excitation voltage changes will cause directly proportional changes to the outpu 

(transformation ratio). However, the voltage out to exc.tat.on votage mho, w.l 

. . n\mT cirmal mnditioning systems measure signal 

reman, constant. Since most RVDT signal co 8 ^ d 

as a function of the Transformation Ratio (TR), exc'tatio ° reeulation is 

«% typically has no effect on sensor 

n °t typically necessary. Excitation frequency s 

t0 maintain accuracy . between ±45°, accuracy 

Although the RVDT can theoretically^ 

Creases quickly after ±35°. Thus, its op ±60°. 

but some up to ±40°. Certain types can opera p 

AdVOnta9es rM-imarv voltage and frequency variations 

low sensitivity to temperature, p 

sturdiness . 

relative low cost due to its popu an 
simple control electronics 

small size „ rtrldnB in a wide variety of environments 

solid and robust, capable o 
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*. SSmKScal resolution; in reality, angle resolution i, | ini 
by the resolution of the amplifiers and voltage meters used to p*«* 

. No permanent damage to the RVDT if measurements exceed the design 
range 

Disadvantages The core must be in contact (directly or indirectly) with the 

measured surface which is not always possible or desirable. 

Common Specifications Common specifications for commercially available RVDT’s 

are listed below: 

Input : Power input is a 3 to 15 V (rms) sine wave with a frequency between 60 
to 20,000 Hz. 

Angle : Capable of continuous rotational measurement. However, most RVDTs 
have effective angle limits of up to ±60°. 

Nonlinearity-. Higher accuracy in the smaller angle range: 0.25% @ ±30°, 0,50% 
@±40°, 1.50% @±60°. 

PRESSURE INDUCTIVE TRANSDUCER Jill 


A simple, arrangement, wherein a change in the inductance of a sensing element 
is produced by a pressure change, is given in Fig. 13.23. 

i-Pressure Inlet 


Bellows- 


Spring- 


lnsulated_ 
Coil Form 


ei! le t^ c 

Mova ble 


Fig. 13.23 Pressure inductive transducer 
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Here the pressure acting on a movable m 
coil inductance corresponding to the acti™ " CUC C ° rc causcs an increase in the 
can again be made on the basis of an electl^ 83 ^ Thc changc in inductance 
An advantage of the inductive type 0 u S ‘ gna1, using an ac b "dge. 
contacts are present, thereby providing conti ^ reS ' Stive type is that no movin g 
n0 extra friction load imposed on them MO nU ° US resolution of the change, with 
In a slightly modified form, this prind D ™" g T" 1 ' 
inductance between magnetically coupled coik^' 0 I?* 3 ” a change in mu,ual 
of a single coil. When a change in anTmW a ’ “ ,han m the self 1 inductance 

s ometimes called a 

important example of the mutual typet fe LTOT “*** ^ A ^ 

13.12.1 Inductive Position Transducers (Synchro’s) 

Synchro s is a generic name for a faculty of inductive devices which can be 
connected in various ways to form shaft angle measurement. All these devices 
work essentially on the same principle, that is of a rotating transformer. A Synchro 
appears like an AC motor consisting of a rotor and a stator. 

Synchro’s are normally used in control system, but have properties that can be 
used in instrumentation also. 

A Synchro can be an angular position transducer working on inductive 
principle, wherein a variable coupling between primary and secondary winding 
is obtained by changing the relative orientation of the windings. 

Internally, most synchro’s are similar in construction. They have a rotor with 
one or three windings capable of revolving inside a fixed stator. There are two 
common types of rotors, the salient pole and the wound rotor. 

The primary winding is a single phase winding wound on a rotor made o 
laminations. The connection to the rotor windings are made through prectsto 
slip rings shown in Fig. 13.24. 
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Electronic 


binding with the windings of the 3-ph ast , 

The stator has a 3> as ' ! ' v viewed a s a variable coupling traJ'^ 
by 120°. The synchro way 'frit, ( 

synchro is also called as •W" vo)tage and coup ling between rotor anH 
The rotor is cncrgi/cd nr | inear function of the rotor positi 0 


windings varies as a or mor e interconnected synchros'u 

Synchro systems «>ns accord j ng to the purpose to be used. 

grouped or connected g interc0 nnection of the devices call., 

A Synchro system formea oy _ ; -__ ca 'led 

mchro transmitter ai 

used error detector in 




iey 




A Synchro sy^ control transmitter is perhaps the most 

used eiToTdeWctoT in' feedback control system. It measures and comp,."" 
angular displacements and its output voltage is approximately linear with 


compares 

angular 

di te" tional Synchro transmitter (TX) uses a salient pole rotor wil 
sleeved slot. When an ac excitation voltage is applied to the rotor, the resultant 
current produces a magnetic field and by transformer action induces voltages in 
the stator coils. The effective voltage induced in any stator coil depends upon 
the angular position of the coil axis with respect to the rotor axis (when the 
coil voltage is known, the induced voltage at any angular displacement can be 
determined). 

Initially winding S 2 of the stator of transmitter is positioned for maximum 
coupling with the rotor winding as shown in Fig. 13.25(a). Suppose the voltage 
is V, the coupling between S 1 and S 2 of the stator and primary (rotor) winding 
is a cosine function. In general if the rotor is excited by 50 Hz ac, also called 
reference voltage, the voltage induced in any stator winding will be proportional 
to the cosine of the angle between the rotor axis and the stator axis. The voltages 
induced across any pair of stator terminals (S x - S 2 , - S 3 , or S 2 - S 3 ) will be 

sum or difference, depending on the phase of the voltage measured across the 


ref f nce v °ltage V sin cot excites the rotor of a synchro!* 

lh th ; r e rr ,S Wi " have a "fa* of the following form: 

Vvh ~ s i)=V sm mt sin 6 

ij Zr 2 !l.^ Sint0( ( Sin 9+ 120°) 

where Sis 240°) 

These voltages arp L-n^ 

the ^tivT Z^Z hr0fOrmat VoIta 8 es - 


ortiotti 


al 

ivef 


cos 60° or they are F /2 each q°i gCS in these windings are prop 

rema ins i n this position, no cmr ° ng aS rotors of the transmitter an r 

t, V ° ltage bala ^e. ® ent wiu Sow between the stator winding * be 

When the rotor of tu 

balance is disturbed^®. transmi tter ' ‘ t * '" > ' 


mnv-Hrt. — “ luca or chanooj 7" is moved to a new position, the |tti i p 
2 ° U8h 300 as s C 8 i„F ASSUmin g that the rotor of the 

stator winding v0 ^ 

^ V and -y/3/2 y respectively- 
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Fig. 13.25 (a) Torque transmission using synchro trans 

(b) Follow up conditions of transmitter-receiver system 

He nce, a voltage imbalance occurs between the stator windings of the 
Emitter and receiver. This voltage imbalance between the windings causes 
CUrr ent to flow between the windings producing a torque that tends to rotate 
the rotor of the receiver to a new position where the voltage balance is again 
^stored. This balance is restored only if the receiver turns through the same 
as the transmitter and also the direction of rotation is the same as that of 
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, cvnchro can be used to determine the m , 

,hc transmitter. Hence -i SynUir, **»*,*. 

dh * clion ir u is nuce!isary 10 trar >sm it ' 

Torque synch . ^ # sha ft of one Synchro to the shaft <! f X 

displacement min additional amplifiers or gears. fi X 

Sy t;«et" commonly connected in repeater sys , em 

,om e mnsmitter and torque receiver. These repeater system i s ^> 

LTand is used in systems in which a rotatmg devtces output is 

position a remote pointer. , 

Today, most of these units have been replaced by a Syncrho-to-digita| co„ Vl , 
driving a LED display of the digital readout of angular position. 

13.12.2 Selsyn 

Synchros also called as Selsyn are motor like devices used to form positior 
sensing and indicating system. Its principle is also based on the variation oi 
mutual coupling between transmitter windings. 

There are two types of Selsyn: 

1. Torque type 

2. Control type 

Torque type of Selsyn consists of two rotors with a single winding and a stator 
with 3 windings distributed 120° apart. This section acts as a transmitter. The 
generator stator windings are connected to the other remotely located 3 phase 
windings. This section acts as a receiver and also has receiver rotor windings 
The torque Selsyn is shown in Fig. 13.26. 

Vcose 


Selsyn 7* or 
Generator 
Stator 


T x Rotor 


AC input 


oj Selsyn 

Rr Rotor 3 Receiver or 
°) Motor stator 


Vcos (0+120°) 


V cos (0-i 20 0 )’ 


■--- - J 

Rg.l3.2G Torque selsyn 

The rotor of both unite 

convenient frequency. ex °ited through slip rings by an ac source 

If the receiver rotor is in th^ m 

windings as the transmitter Z relative Position with reference to 
current flows between the twn ln ductive coupling is identical and 110 
If transmitter rotor is shift in 

two stator will be the different ^ this nul1 Position, voltages induce ^ 

6 and a current starts to flow. This curre* 
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liu 


,-s« I'X'I'W in ,lh ' 'vooivoi whirl, || I( . „ 


with UK' now miiiNinllior mini iinNlil..,. i.,»V <‘i‘ ’. V " """ 

llK .j llonoo tlio receiver always n,||„ w , IL 111111 P">mon 

.. 

*' < ami calibration of its <liuI foec V ,hc mxlm 

10 Control Synchro 

»W *>*[ " m0Un,S °f ,,HWCI ' or lw ‘ino and greater accuracy arc required 
m \ synchros are used. J ^ 

' acvices arc uscd for Priding and handling control signals to a servo 
rr l,ticr when more power and accurate angular displacement of a large load are 
required. Ihc control synchros arc not designed to handle any mechanical load. 

Ihc C ontrol Transformet (C I) develops an ac rotor output voltage that is 
proportional to the relative shaft angles between synchro transmitter and control 
transformer. The devices are normally connected as shown in Fig. 13.27. 

The two most common control synchro are Control Transmitter (CX) and 
Control Transformer (CT). 

The output of the CX (transmitter) is fed to the stator of CT (transformer). The 
CT is a high impedance version of the torque receiver with its rotor aligned at 90° 
to that of transmitter (TR). 

In a control system, when the shaft angle of the CX equals that of CT shaft 
^gle, a minimum and null voltage will appear on the rotor terminals R l and R 2 
ot the CT. Any variation from this null will produce a signal in CT rotor whose 
phase will depend in which direction it is moved off the null. 



Fig. 13.27 Synchro control system 

C* Closed loop servo system using a CX and CT control system is 
mF 'g-13.28. 
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Ref voltage 





Error 

Amplifier 


Servo 

motor 


Power 

Amplifier 


Fig. 13.28 Simple servo system using control synchro 

When the shaft of the CX is turned to some angle 9, S } , S 2 and S 3 output prom 
synchro format voltage as discussed previously. These voltages are transmitted 
to the CT stators S { , S 2 , S 3 . If the CT is not at the input angle 6, a voltage will he 
produced at the output of the CT rotor winding. This signal (error) is amplified 
phase detected and fed to a servo amplifier to cause a servo motor to positions 
load and the CT shaft to a position where the CT rotor output is minimum (null*- 
The direction, in which the motor turns towards the angle 9, is determined b} 
phase of the CT rotor with respect to the reference voltage. Hence servo acd® 
takes place. 


CAPACITIVE TRANSDUCER (PRESSURE) __ 

A linear change in capacitance with changes in the physical posing ^ 

moving element may be used to provide an electrical indication of the ele 
position. 

n . # /jl.P 

fhe capacitance is given by C = KA/d 
where K= the dielectric constant / 

■d ^ tile total area of the capacitor surfaces 
r d L lstance betw een two capacitive surfaces 
Frnm reSUltant ca P ac > t ance. . _ 

of the Dlatp'* e ? Uat ' on ’ '* ‘ s seen that capacitance increases (i) if * c o» s,3 f 
The can a S , lnCreaSed ' and (ii > if *e material has a high 
£2--?.- reduce d if the spacing between the plates 

ha make USe ° ftheSe meth0dS ° f 
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With P r °P er cal,brat,on ’ tath l yp c yields a high degree of accuracy. Stray 
iagn ctic and capacitive effects may cause errors in the measurement produced! 
n h f c h be avoided by proper shielding. Some capacitive dielectrics are 
’Lperature sensitive, so temperature variations should be minimised for accurate 
Surements. 

A variable plate area transducer is made up of a fixed plate called Stator and a 
movable plate called the Rotor. 

The rotor is mechanically coupled to the member under test. As the member 
moves, the rotor changes its position relative to the stator, thereby changing 
the effective area between the plates. A transducer of this type is shown in 
Fig-13-29. 


Displaced 

Rotor 


Rotor 


Displaced 

Weight 



Stator 


Weight 


Fig. 13.29 Capacitive transducer 

Such a device is used to detect the amount of roll in an aircraft. As the aircraft 
rolls to the left, the plates moves to the relative position shown by dashed lines in 
Fig. 13.29 and the capacitance decreases by an amount proportional to the degree 
of roll. Similarly to the right. In this case the stator, securely attached to the 
aircraft, is the moving element. The weight on the rotor keeps its position fixed 
with reference to the surface of the earth, but the relative position of the plates 
changes and this is the factor that determines the capacitance of the unit. 

Figure 13 30 shows a transducer that makes use of the variation m capacitance 
gure u.JU snows d . the olates< This particular transducer 

resulting from a change in spacing between tne piaies. p 

•s designed to measure pressure (in vacuum). 

^-Insulated 

—Static Plate 

Diaphragm — 

Static Position 


Pressure 


Rear Cavity 
Terminations 


Dielectric 

Fig. 13.30 Capacitive pressure transducer 
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I nclosed in an » irti ^'^“"he'chmbcr and to the^gh^h^te^ 
lct\ when pressure is»PI ^ one plate of a variable capacitor » V %v 
applied. This diaphnigni» determined by the pressure a^SiJ 

*« JSCS- between the two plates. The 

equivalent of the unit’s capacttance by measuring the ^ 

^(Theportion of thTchamber to the left of the moving plate is isolated ' 
side into which the pressurised gas or vapour is introduced. Hence, the d, e A 
constant of the unit does not change for different types of pressurised 
vapour. The capacity is purely a function of the diaphragm position.) This dV»* 
is not linear. 

Changes in pressure may be easily detected by the variation of capa c jh 
between a fixed plate and another plate free to move as the pressure changes 


The resulting variation follows the basic capacity formula. 


00.885 t - pr ( 13ils 

where A = area of one side of one plate in cm 2 
n = number of plates 
t = thickness of dielectric in cm 
K = dielectric constant 
The capacitive transducer, as in the capacitive microphone, is simple to 

construct and inexpensive to produce. It is particularly effective for HF 
variations. 

However, when the varying capacitance is made part of an ac bridge to 
produce an ac output signal, the conditions for resistive and reactive balance 
genera y require much care to be taken against unwanted signal pickup in ^ 
8 CC circuit ’ an( ^ a ^ so compensation for temperature changes. As a 

d f re ^ eivin 8 instrument for the capacitive sensor usually calls for ' 11 ° re 
advanced and complex design than is needed for other transducers. 

LOAD CELL (PRESSURE CELL) 13.1' 

steel, is u^'as thTLftvTete ® X ^ e ™ ely heav y loads - A len g th 
stress to the bar. The amount we ight of the load applies a P ^ 

of applied stress is determ - a Strain w hich results in the bar for diff ere $ 
of the stress causing it ^ ’ S ° ^ at tlle strain ma y b e usec ^ as a dirc ct 171(3 

The load cell shown in Fig n ?i • , , ise of 

gauges in weighing operations^ 1S & 8 ° od exam P le of ^ 

Fig- 13.31), the steefb^V' 011 ® the direction of s (shown by th ^ 
expansion along the X and 3 com Pression along that a ^ 

m resistance, while g aUBe r As a result . gauge A experiences ,„<? 

dergoes an increase in resistance- 


K{n-\)A 


ar ro' v 

* 
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. jj ie gauges on the two remaining sides of the steel are connected 
u ip ilU ^ sU - \oc circuit, four times the sensitivity of a simple gauge bridge is 
I' ,l>r,n his makes the load cell sensitive to very small values of applied stress, 
V 1 ' extremely heavy loads. 


m 



PIEZO ELEC TRICAL TRANSDUCER _- * 3 ~ ~ 

Asymmetrical crystalline materials SUC | h “^“^ r Z ’^ e 5 s h xhis property is used 
titanate produce an emf when they are P a . g d between a solid base and 
in piezo electric transducers, where a cry P 
the force-summing member, as shown in Fig. 

Force-semming 



Output 


i-i 


^ C D 


Equivalent Circuit 
of Crystal 


cheue ocm --- 

Rg 13.32 Piezo electric transducer 
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, mrcc entering the transducer through its pr 
An externally apphed fo • This prot | uce s an emf acr 0ss th ' ™ 

applies pressure to •^JJpUed pressure. ^ 

proportional to the mag , HF resp0 nse, its principal • 

Since the mm * d ““ r Jp plic ation. its output voltage is typically of tht .'^Hl 
accelerometers. In th PP The device nee ds no external P0Wp S 

1 - 30 mV per gm of accelerate . it cannnt *" ^ 



. vre in this application, -° ^ ^ w m e 0 

C 1n mV per'gtn of acceleration. The device needs no external p 0Wer 
, - 30 mV per g The disadvantage is that it cannot meas,,,^" 

condi.lt iTe output voltage is also affected by temperature variation'^ 
ell The basic expression for output voltage E ,s gtven by » 




E = 


where Q = generated charge 
C p = shunt capacitances 

This transducer is inherently a dynamic responding sensor and does not readily 
measure static conditions. (Since it is a high impedance element, it requires 
careful shielding and compensation.) 

For a piezo electric element under pressure, part of the energy is converted to 
an electric potential that appears on opposite faces of the element, analogous to 
a charge on the plates of a capacitor. The rest of the applied energy is converted 
to mechanical energy, analogous to a compressed spring. When the pressure is 
removed, it returns to its original shape and loses its electric charge. 

From these relationships, the following formulas have been derived for the 
coupling coefficient K. 


or 


£ = Mechanical energy converted to electrical energy 
Applied mechanical energy 

K - ^ ectr i ca l energ y converted to mechanical energy 
Applied electrical energy 


it # 1 


resonance frequaicy^hicethe'fre *° “ C1 ? Stal CaUSeS ‘‘ t0 "h”' 6 * 


pressure 


Example 13.7 A „ m* 

much electrical energy ^ Q cou P lin S coefficient of 0 ' 3 ^ of 

mechanical energy? a PPUed to produce an output of 


Solution 


1 oz.in. = 1 02 . in V JJL ; , 'lb „ 1.3561 


12 in. 

7.06 x io~3 j 


16 oz 1 ft lb 



ApP 


ied E leel 


lie 


pHOTOELE 

?iS 7 ei ect "; 

or photo-yol 
In photo e 

be emitted fr' 
In photo c 

is illuminatec 

photo vol 
intensity. The 
or visible lig; 


13.16.1 Pho 

The photo m 
photo cathod 
at a higher v< 
Figure 13. 
by the catho 
secondary er 


Emitted - 
Electrons 


/ 


V 


Cathc 
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,riri.1 enemy = —"-55!inHgJ^nvertcd to mechanical energy 

Ar r |ifd k “ 

7.06 xl O' 3 

0.32 = 22.19 mJ 


^O ELECTRIC TRANSDUCER _ 13,16 

photo electric devices can be categorised as photo emissive, photo-conductive 

or photo-voltaic. 

In photo emissive devices, radiation falling on a cathode causes electrons to 
he emitted from the cathode surface. 

In photo conductive devices, the resistance of a material is changed when it 
is illuminated. , 

Photo voltaic cells generate an output voltage proportional to the radiation 
intensity. The incident radiation may be infrared, ultraviolet, gamma rays, X-rays, 
or visible light. 


13.16.1 Photo Multiplier Tube 

The photo multiplier tube consists of an evacuated glass envelope containing a 
photo cathode, an anode and several additional electrodes, termed Dynodes, each 
at a higher voltage, than the previous dynode. 

Figure 13.33 illustrates the principle of the photo multiplier. Electrons emitted 
by the cathode are attracted to the first dynode. Here a phenomenon known as 
secondary emission takes place. 


Emitted ■ 
Electrons 


Cathode 


+ 100 V 


+ 300 V +500 V 


+ 700 V 


v Dynode 1 



Dynode 2 

4 

+400 V +600 V 

Fi a . l3.33 Principle of a photo multiplier tube 


Secondary 
Electrons 

0 y +200 V 


rig. lu.iju 

™ r 1116 

„ the^ igl^vdochy fs achieved by the use of a high voltage between 

ano de and the cathode The electrons emitted by the first dynode are then 
to the second dynode, where the same action takes place agam. Each 
Qyn °de is at a hi her voltag e, in order to achieve the requisite electron velocity 
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.•mission, and a resulting electron mnu* 

“* *"» Hc “f increase in nlcoiron low tl, a , *V 

— i. - • on? w < 

msMvityP»»“'• «a s ' 
a sensitivity of 100 A per lumen, only 10 lumen is needed to produce | „ A ‘ 

output current. , . • 

Magnetic fields affect the photo multiplier because some electrons m ay t 

deflected from their normal path between stages and therefore never reach 
dynode or anode. Hence, the gain falls. To minimise this effect fl-metal magn^ 
shields are often placed around the photo multiplier tube. 


Mr 


13.16.2 Photo Conductive Cells or Photo Cells 

The devices discussed above achieve an electrical output by photo emission 
Another photo electric effect that is very useful is the photo conductive effect 
In this effect, the electrical resistance of the material varies with the amount of 
incident light, as shown in Fig. 13.34(b). 



Glass Window 


Material 

Top View 
(Construction) 



Side View 


(a) 



(b) 


F ' 9 Th ® photo conductive cell (a) construction 

(b) Typical curves of resistance vs illumination 
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, nstruction is as shown in Fig. 13.34(a). The photo conductive 

, typi° a * C ° Hy Cadium sulphide, Cadium sclenidc or Cadium sulpho- 
'i' f jal, ^J! ,Ca oS itcd in a z.ig zag pattern (to obtain a desired resistance value 
^jjc. * s c ? ^ separating two metal coated areas acting as electrodes, all on 
I p0^ er ra ^ n c such as ceramic. The assembly is enclosed in a metal case with 
;;>x over the photo conductive material. 

ag lass^ ,n ^.^ ese types are made in a wide range of sizes, from 1/8 in. in 

photoce xh e sma p s j zes are suitable where space is critical, as in 

to over i i* 1 - 

diin h d card reading equipment 


120 V 
ac 




Photocell 


Potentiometer 




To 

Controller 

Circuit 


pn nc " very small units have 

Il0 "lwer dissipation ratings. 

'""/typical control circuit utilising 
nhowconductivecell is illustrated 
,P Fie 13.35. The potentiometer 
Jd to make adjustments to 
compensate for manufacturing 
tolerances in photocells sensitivity Fig 13.35 photo cell and relay control circuit 

511 When th/photoceU'has'the appropriate light shining on i'. ^tonce is 
, W .1 Hir current throu gh the relay is consequently high enough to operate th 
j Cen tSht is interrupted, the resistance rises, causing the relay current 

to decrease enough to de-energise the relay. 

Example 13.8 (a) The relay of Fig. Ex. 13. 7(a) is be 

conductive cell with the ch “ rac ‘*™Jy\*J™ w h en the cell is illuminated 
potentiometer delivers 10 mA at de . energ ised when the cell is dark, 

with about 400 l/m and is required current level. 

Calculate (i) the required series resistance, and the (u) dark cu 



Fig. Ex-13-7 


4 i 


if * 9 «11 /t t 
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Solution 


Therefore, 


/- 


30 V 


+ *ce.l 

30 K _ 
10mA 


Dark current = 


30 V 


k LI 


i.e. /?| 

30 V 


k = 3 k- 

1 k = 2 kQ 

i 

_ 30 V 

= 0.3 mA 

102 k 


tell 


2k + 100k 

A typical use of this type of circuit is in counting objects, as on the 
belt of a production line. In this type of a circuit a beam of light travers^ 
path of the moving object that is on a conveyor belt. These objects have^ ^ 
counted. Therefore, each time an object passes the beam is interruDted 6 1?** 
relay actuates a counter. ’ an 


PHOTO VOLTAIC CELL 


13.17 


The photo-voltaic or solar cell, produces an electrical current when connected to 
a ioad.Both silicon (Si) and selenium (Se) types are known for these purposes. 

Multiple unit silicon photo-voltaic devices may be used for sensing light in 
apphcaUons such as reading punched cards in the data processing industry. 

. ° , 8 erman i um cells with controlled spectral response characteristics 
^ P . VO ta | c devices in the infra-red region of the spectrum and may be 

used as infra-red detectors. 

^“ n i SOlar „ Cdl C0nverts the radiant energy of the sun into electrical 

to 2 cm 2 into Iv C ° nS1 ? tS a t * 1 ‘ n s *' ce °f single crystal P-type silicon, »P 

The conversion eflf V6ry micron ) la yer of N-type material is 

illumination c >oncy epends on the spectral content and intensity 0 

SEMICONDUCTOR PHOTO mrrne _13J*. 

^SnXn^nlot^fr 0nl , y 3 Very Smal dmth. C tf 

conductive cell. Can used for the same purposes a 

This device, when operated win, . J , nrt ions“ 

photo-conductive cell. When on. ! reVerse volta 8 e apphed, ftn 1 s* 
photo-voltaic cell. P rated w ^hout reverse voltage it op ‘ 

A photo-diode can also 

photo-voltaic mode. anged to chan g e from P hoto ' C ° ^ 

The response time of a nhotn a; j . . oV be 

applications where light fluctuation* 0 ° 1S VGry fast ’ S ° that u 

S mcruatl °ns occur at high freauency, but a P 1 
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the photo-transistor _ 13 - 19 

The sensitivity of a photo diode can be increased by as much as 100 times by 
adding a junction, resulting in an NPN device. A simple representation of the 
construction is shown in Fig. 13.37. 



(b) Symbol 

Fig. 13.37 Photo-transistor 
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r ,h«. central region causes the release of electron u . 
1Uumina T harrier potential across both junctions, causing a „ it| H 

SSSU-K"*-*— 

rc8ion - • amount of illumination on a very small area, the ph ot0) 

PS much larger output current than that available from a ph oto > 

“ diodes are widely m * 

detectors for such applications as punched card * 

and tape readouts. Photo-transistors are more X x\ -—_ 

sensitive than photo-diodes, but the latter have W 

a faster switching time. 

One application of a photo-transistor is-_— 

shown in Fig. 13.38. 

The light incident on the photo-transistor 50 ^ < J) 

causes its current to increase and therefore ‘ ^ ^ 

increases both the voltage drop across 50 k£2 ^5 

and the input to the transistor which drives the 

relay. This raises the current to the operational Fig. 13.38 Photo transistor and 

relay circuit 


level. 


Fig. 13.38 Photo transistor and 
relay circuit 


TEMPERATURE TRANSDUCERS 13.20 


13.20.1 Introduction to Temperature Transducers 

Temperature is one of the most widely measured and controlled variable in 
industry, as a lot of products during manufacturing requires controlled temperature 
at various stages of processing. 

A wide variety of temperature transducers and temperature measure^ 11 
systems have been developed for different applications requirements. ^ 
Most of the temperature transducers are of Resistance Temperature D eteC ^ 
(RTD), Thermistors and Thermocouples. Of these RTD’s and Them® 1 ® ^ 
passive devices whose resistance changes with temperature hence n £t 
electrical supply to give a voltage output. On the other hand them** (| 
are active transducers and are based on the principle of ge” era p 
thermoelectricity, when two dissimilar metals are connected together ^ ^ 
a junction called the sensing junction, an emf is generated pn>P°?7> 
temperature of the junction. Thermocouple operate on the prindP e ft / 
effect. Thermocouple introduces errors and can be overcomed by us'"- 2 
junction compensation called as a coldJunction compensation. A 

Thermocouples are available that span cryogenic to 2000°C 
They have the htghest speed of response. Thermocouples can be 
series/parallel to obtain greater sensitivity called a Thermopile- ire 
RTD commonly use platinum. Nickel or any resistanc P |/ 
resistance vanes with temperature and has a high intrinsic accur 
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widely used RTD because of its high stability and large operating 
. _ncnallv connected in a Wheatstones bridtze circuit. The lead 


x 

IIl 0 V ) » s a re usually connected in a Wheatstones bridge circuit. The lead 
la# f 0 r connecting the RTD’s introduces error, hence compensation is 
■.re Stained bv usine three-wire or four wire compensation, but 


re use °-fj 1 i s is obtained by using three-wire or four wire compensation, but 
ftfuitf®* p en sation is mostly used in the industry. 

yn if® c0 f orm of temperature measurement is by the use of thermistor. A 
An°t^ er . g a thermally sensitive resistor that exhibits change in electrical 
t hermi stor ^ c j ian g e j n temperature. Thermistors made up of oxides exhibit a 
^ istance tpmoer ature coefficient (NTC), that is, their resistance decreases with 
negatlV£ in temperature. Thermistor are also available with positive temperature 
inCI ffident (PTC), but PTC thermistor are seldom used for measurement since 

^Thermistors mT available in various sizes and shapes such as beads, rods, 

?*n is ;X?£ 

Radiation pyi (energy) heat emitted or reflected by a hot 

r b j“1a”ometers are o/two types tota. radiation pyrometer and 

^Srpyrometer virtually 

body and measures temperature in the range^ound 200 C 35 ^ ^ 

pyrometers are partial or selective radiation pyrometers ana 

ofl000 0 C-1200°C. wavelength. The most common type 

Optical pyrometers are used m the v ® a nd is used in temperature 

of optical pyrometer is the disappearing ™ 00 °c Optical pyrometers are 

range of 1400°C and can be furnaces, molten 

widely used for accurate measurem 
metals etc. 

B.20.2 Resistance Te " 1 P e i' a t^^^^*^*y' u sepdatinum, nickel or any resistance 

Resistance temperature detector ^mand which has a high intrinsic 

Wlre whose resistance vanes wit L ation an d sizes; as shielded or open 
Curacy. They are available in many configuration 

Un its for both immersion and s urface app res i sta nce of conductors in the 

The relationship between ^XeTusing the equation 
Herature range near 0°C can be calcutatea e 

r=R k{ ( 1+«M (13.16) 

"'here R = resistance of conductor at temperature t°C 

n ' reference temperature, usually 0°C 

^ ref = resistance of the reierencc f j 

a = temperature coefficient of resistance 
A t = difference between operating and reference temperature 
Almost all metals have a positive temperature coefficient (PTC) of resistance 
‘hat fteir resistances increases with increase in temperature. Some materials’ 

to section 13.7. 


Scanned by CamScanner 



such as Carbon and Germanium have a negative temperature coeffi C j e 

of resistance. , Cnt (Nft. 

A high value of‘a’ is desired in a temperature sensing element, so th at 1 

change in resistance occurs for a relatively small change in 
change in resistance (A R) can be measured with a Wheatstone s bridge w ^ 
be calibrated to indicate the temperature, that caused the resistance cha^ ' C ^i 
than the resistance itself. The sensing element of the RTD is selected ^ ^ 
to the intended applications. acc °rdj n g 

RTD’s are wire-wound resistance with moderate resistance and 
resistance. Platinum is the most widely used resistance wire type bec a ^ 
high stability and large operating range. However, Nickel and Copper* 86 
used in RTDs. The temperature ranges for various resistance wire ar ^ ^ 


Table 13.1. 

Table 13.1 


8*ven jn 


Platinum 

Copper 

Nickel 


- 200°C - 850°C 

- 200°C - 260°C 

- 80°C - 300°C 


Platinum RTDs provide high accuracy and stability. They have the follow* 
advantages: 

1. Linearity over a wide operating range. 

2. Wide operating range 

3. Higher temperature operation 

4. Better stability at high temperature 
Disadvantages of RTD 

1. Low sensitivity 

2. It can be affected by contact resistance, shock and vibration 

3. Requires no point sensing 

4. Higher cost than other temperature transducers . , 0 

5. Requires 3 or 4 wire for its operation and associated instrumental 

eliminate errors due to lead resistance „ are a 

RTD s are not adaptable to applications requiring fast response or ^ 
temperature sensing. Measurement of temperature using RTD is done a te 
calibration that involves conversion 
of resistance value to temperature. 

Most RTD instruments use a - ~7 -- V 1 

Wheatstone’s Bridge or its modified 

version. The RTD and its leads are e s ( * E 0 ^7 — '’ru' 

connected in one of its arms. This jr 

bridge is essentially a resistance 

measuring device which converts ^__ Two wire 

the resistance of the RTD into an RTD conne L Co ^" 

electrical signal that is used for Fig. 13.39 Two wire RT 

n i i /n n 


RTD conne 


, Qo^ C 


Fig. 13.39 Two wire 
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. or controlling temperature. The basic Wheatstone's Bridge with a 
>' nTD connected is as shown in Fig. 13.39. 

^ ^ - Supply voltage 

E 0 ~ output voltage used for monitoring or controlling 
temperature 

r 3 = fixed value resistors 

Hi '^ 2 R t ~ resistance of temperature sensing element in RTD 

and RL 2 = resistance of the two leads connected in the RTD element 
value of Rt a * control point or at the mid point of the temperature 
be monitored will influence the arm resistors R } , R 2 and R 3 . Also, these 
must be selected to limit bridge currents to avoid self-heating of RTD 
va * ueS , res i s tors. For achieving high accuracy, the bridge must be stable and 
° f "sitive to ambient temperature variations. 

ins ^ t he va i u e of the lead resistance is small and also the variation of the lead 
stance is small over the temperature range as compared to that of the RTD 
I then the errors introduced by the lead resistance are not significant. 

^ However the errors introduced by long leads are significant and can be 
educed by using thick lead wire. As an effective method to obtain a high degree 
of accuracy, it is desirable to use lead resistance compensation techniques or lea 
iTSation technique such as three wire and four wire RTD 
Two lead RTD which is lower in cost, is normally used whent 
slow in comparison with Ohms/°C resistance change of die RTD or when 
wire resistance compensation is provided in the instrumen a ion. 

Three Lead Wire RTD Three lead wire RTD, offers a practicable meaod^o^ 

»ire compensation that is sufficiently acc "“ ,e J r J“ e ^ ange due t0 ambient 
The bridge circuit automatically compensa . * t u ree ] ea( j rjD 

gratae change, which is the input to the mstrumentatron. A three 

c °nnected to a Wheatstone Bridge RLi 

^cuit is as shown in Fig. 13.40. .- -y -1, 

This bridge circuit is used when- —vwv — Rt 

ev er lead wire resistance is signifi- _/___. 

Cant in comparison with Ohms/°C s ^ 2 

positivity of the RTD elements, for Rz\j r R z 

^ple, the 10 Q copper RTD el- ___ Three wire-- 

a , w ent used in the industry should RTD connections 

have three leads. Other com- p . g J3 4D Three wire RTD connections 
100 o U , Sed RTD elements such as compensation when lead 

^irere P atinUm and 120 Q Nickd ^ 

Resistance is significant. of t h e RTD leads Z,, is in the 

^ to Fig- 13.40, it can be see is in t h e adjacent arm with R 2 . 

Wh en e , ridge Wlth ^r and a seC j°” h bridge arm resistance are equal, hence 
is balanCed ’/\^s Thfsame cuirent flows through both 
^'"undefbaUnc^conditions, therefore the voltage drop across 
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• , being in the adjBcent arms will effectiv.,, \ 

them will be identical . wjre j s eliminated. y 

Henec the effect of the ^ jn the output circuit of the bri d . e ^ 
The third lead ly balance. Hence when the bridoe 

effect on the bridge” ' ^ therefore has no effect on the bridge b a fS‘ 

method gives ve" good accuracy if the lead resistances are ma,c hed . Nv 

Four lead RTD Connection The three lead RTD gives sufficient accura 
i ndustrial applications. However, when a higher degree of acc S 
precision is required, a four lead RTD connection ts used. % 

The four lead RTD is the most expensive type, especially when w. 
wire extension leads are needed to connect to the instrumentation. How^? 
four lead RTD can offer the greatest accuracy if the instrumentation is pr J 
designed. Four lead RTDs are widely used in laboratory work, where hi J 
precision is required. 

To select a 100 Q Platinum RTD, the information given in Table 13.2 is helpfo 


Table 13.2 


ruction Wire wound or thin film dej 

eating 0.02 o C-0.73°C/mV (typica 

wire Copper two, three or four d 

resistance compensation Use three or four wire lead 
■acy ± 0.6 at 100°C 

utlon 0.29-0.39 Q/°C 

__ ; Approximately 0.01-0.1 °C 

13.8 (b) A platinum resistance thermometer hat. 
C. Calculate its resistance at 60°C ( a 20 = 0.003 

Given R = R 0 (\-ccAT) 

R = 180 [1 - 0.00392 (60°C - 20°C)] 

R - 180 [1 - 0.00392 x 40°C )1 
R- 180 [1-0.1568] 

^ = 180 x 0.8432 

^=151 78 n 


E; 

«ampl 

a 

at25 c 

of] 

platin 

Ift 

he the, 


ili. 
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,#' en * R^RoO + OoAt) 

R = 100(1 + [(0.00392) x (50 - 25Y>CO 
= 100(1 + [(0.00392 x 25) °C1) 

= 109.8 Q 

2- Supp° se h is the unknown temperature then 
P ‘ 200 = 100(1 + [(0.00392) x (t 2 - 25 )°C]) 

2 = (1 + [(0.00392) x (f 2 - 25) °C]) 

2 - 1 = [(0.00392) x ( t 2 - 25)°Q) 

1 

(t 2 - 25)°C = 0 0()392 therefore, t 2 = 280°C 

13.20.3 Platinum Thin Film Sensors 

Platinum thin film sensors are manufactured by a very thin layer of platinum in 
suitable pattern to achieve smaller dimension and higher resistance, on a ceramic 
base. The deposition of layers and introduction of patterns are obtained using 
different methods. 

Normally, a number of such chips are manufactured on a single large substrate 
and the chips are properly cut and proper contacts are made. This platinum layer 
is usually coated with suitable material depending on the operating range to 
provide protection against mechanical and chemical damages. 

The advantage of thin film sensors is reduction in the size and simultaneous 
■rease in the nominal resistance. The response time is reduced by nearly 10 
'‘■s or more because of the reduction in size. By using such a type of sensor, it is 
«>le to manufacture a probe with a stainless steel sheath of 2 mm diameter. 
The sensitivity of the sensor also increases with increase in nominal 
The small dimension of thin film platinum sensors allows temperahire 
^«ements in very small areas with a much higher accuracy as compared to 

„ ^tasrasors are cheaper to manufacture than wire wound RTDs, hence 

Can be iio A ^ • SOrS are cnea ^ ,• for resistance thermometers such as 

J d m man y fields of application tor resist 

0 H e s, medical thermometer, etc. 

Tl distance Thermometer . , , 

1 ^ernents of a conductor material to be used in these thermometers are: 

■ [ he Change in resistance of material per unit change in temperature must 
6 as large possible. 
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2. The resistance of the material must have a conti nuoil , X 
relationship with temperature. s 

The main section of a resistance thermometer is its sensing ■ 

characteristics of the sensing clement, determines the sensitivity ^ •> 

temperature range of the instrument. 

The sensing element may be any material that exhibits a rel • ' 

resistance change with the change in temperature. The material used**^ V 
have a stable characteristics, that is, neither its resistance nor its ^dalf 
coefficient of resistance should undergo permanent change with use 
It is necessary to consider stability in order to maintain the / >.■ 
resistance thermometer. The need for stability frequently limits the 1 brat io n of} 
range over which the sensing element may be used. 6 teiTl P e ratu r i 

Another desirable characteristics for a sensing element is a 1‘ 
resistance with change in temperature. near c ^ a nge j, 

When the measured temperature is subjected to rapid variatio 
with which a resistive element responds to changes in temperature nS ^ 

The smaller a given sensing element, less heat is required to raise itc f lmportailL 
the faster is its response. 6 ltS tem Perature, 

Platinum, Nickel and Copper are the metals most commonly used to 
temperature. The resistivity of platinum tends to increart S n 

temperatures than for other materials, hence it is a commonly^sedmaW 

range over which 

shownln S ‘ P ' atinUm ,hel ““ 



Connectng 

Lead 


Mounting 

Thread 


( ) Industrial platinum ressistance thermometer 

The changes in resistance caused hv nu ■ as det^ ted 

Wheatstone’s Bridge is shown b Ifg n 4“^ “ ‘ em P erature 
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Fig.13.41 (b) Resistance thermometer 
connected in a bridge circuit 
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Hence, the temperature sensing + 

, eI nent, which may be Nickel, Copper r ~~ -—7\ 

C platinum contained in a bulb or well, Tt? 2 

°long with * e balancin g brid ge, forms X 

J lC basic important components of a I ^ 

.moerature measuring system based on „ * r~^ X 

K v • Sensing R s 

this principle* element — VWV— 

The sensing element R s is made of r~ ^ 

2 material having a high temperature r;_ in #* . _ 

coefficient, fi„ R 2 and R s are made of me “ r 

resistance that are practically constant ““ " 3 b " dge c ' rcu ' t 

under normal temperature changes. 

When the sensing element is very near the bridge, and under balance 
conditions, the following relationship holds good. 

*L = *l 

R 2 R 5 

In normal practice, the sensing element is away from the indicator and the 
bridge, and its leads have a resistance, say R 3 , R 4 

R^ R s + R 3 + R 4 

R 2 Rs 

When resistance R s changes, the bridge balance is upset and the galvanometer 
shows a deflection, which can be calibrated to give a suitable temperature scale. 

Advantages of Resistance Thermometers The measurement of temperature by the 
electrical resistance method has the following advantages and characteristics. 

1* The measurement is very accurate. 

2. Indicators, recorders and controllers can also be operated. . 

3. More than one resistance element can be clubbed to the same indicating/ 
recording instrument. 

4 - The temperature resistance element can be easily installed and replaced. 

5 - The accuracy of the measuring circuit can be easily checked by 
substituting a standard resistor for the resistive element. 

^ Resistive elements can be used to measure differential temperature. 

^ Resistance thermometer have a wide working range without loss of 
accuracy, and can be used for temperature ranges (-200°C-650°C) 

They are best suited for remote sensing and indication. 

Iq The response time of the resistive element is 2—10 s. 

• The error of the resistive element is in the range of ± 0.25% of the 1 


fading. 

12 The size ofthe resistive element may be about 6-12 m • 

necessity of temperature compensation. 01111 ln d * arn eter. 


scale 
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14. 




Limitations of Resistance Thermome 

2. Need for bridge and power source 

3. Possibility of self heating. 



13.205 Thermistors 

We have already discussed thermistors 


in detail in Sec. 13.8. 


13.20.6 Thermocouple 

One of the most commonly used methods of measurement of moderately Ll 
temperature is the thermocouple effect. When a pair of wires made up of differ 
metals is joined together at one end, a temperature difference between the two 
ends of the wire produces a voltage between the two wires as illustrated in Fie 
13.42 

Temperature measurement with Thermocouple is based on the Seebeck effect. 
A current will circulate around a loop made up of two dissimilar metal when the 
two junctions are at different temperatures as shown in Fig. 13.43. 




Fig. 13.42 Basic Thermocouple 
Connection 


Fig. 13.43 Current through two 
dissimilar Metals 


When this circuit is opened, a voltage appears that is proportional to' 
observed seebeck current. 

There are four voltage sources, their sum is the observed seebeck v0 * K 
Each junction is a voltage source, known as Peltier emf. Furthermore' 
homogenous conductor has a self induced voltage or Thomson emf- ors 
The Thomson and Peltier emfs originate from the fact that, within conn ^ 

the density of free charge carriers (electrons and holes) increa^ 
temperature. ^ 

(If the temperature of one end ofa conductor is raised above that off 
end, excess electrons from the hot end will diffuse to the cold end. ,,n> 

in an induced voltage, the Thomson effect , that makes the hot end P° s 
respect to the cold end. 

Conductors made up of different materials have different ffee-ca 
en when at the same temperature. When two dissimilar conductor 


even 
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. ,trons will diffuse across the junction from the conductor with higher electron 
vjijjty. When this happens the conductor losing electrons acquire a positive 
v oltag e res P ect t0 ot ^ er conductor. This voltage is called the Peltier 

W') 

When the junction is heated a voltage is generated, this is known as seebeck 
f fleet. The seebeck voltage is linearly proportional for small changes in 
temperature. Various combinations of metals are used in Thermocouple’s. 

The magnitude of this voltage depends on the material used for the wires and 
the amount of temperature difference between the joined ends and the other ends. 
The junction of the wires of the thermocouple is called the sensing junction, and 
this junction is normally placed in or on the unit under test. 

Since it is the temperature difference between the sensing junction and the other 
ends that is the critical factor, the other ends are either kept at a constant reference 
temperature, or in the case of very low cost equipment at room temperature. 
In the latter case, the room temperature is monitored and thermocouple output 
voltage readings are corrected for any changes in it. 

Because the temperature at this end of the thermocouple wire is a reference 
temperature, this function is known as the reference, also called as the cold 
junction. 


A thermocouple, therefore consists of a pair of dissimilar metal wires joined 
together at one end (sensing or hot junction) and terminated at the other end 
(reference or cold junction), which is maintained at a known constant temperature 
(reference temperature). When a temperature difference exists between the 
sensing junction and the reference junction, an emf is produced, which causes 


CUrre nt in the circuit. 

When the reference end is terminated by a meter or a recording device, the 
™ ete r indication will be proportional to the temperature difference between the 
01 junction and the reference junction. 

The magnitude of the thermal emf depends on the wire materials used and in 
^temperature difference between the junctions. 

Jfe IT.44 shows the thermal emfs for some common thermocouple 
-frials. The values shown are based on a reference temperature of 32°F 
is a r therm P c °uple (TC) is a temperature transducer that develops an emf that 
^ j^tion of the temperature difference between its hot and cold juncti 
thermocoupie may be regarded as a thermometer based on therm n 
all 0Vs ° n the Principle that the potential between two dissimilar m P t*i ^ and 
•jy ls a function of temperature. s 0r metal 

Tw" f‘ 0y as 11,6 ne S ative eleCtr0de ' 6 eleCtrod 

!T S ’ "Thermocouple produces the least output „„i. 

CS‘ I? 1 ™* ran ® e - ltage but can be U , P „ 

shown in Fig. 13.45. uses copper and consta ntan 


e and 
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Fig. 13.44 Thermocouple output voltage as a function of 
temperature for various thermocouple materials 


Sensing " 
Element ‘VJ 


Copper 


Copper 


-» 

Vr 

Vout 

+ 

Constantan 

J 

Copper 


/ 

Reference 

Junction 


r. JUIIUUUn 

,fl ' ■ At ype f thermocouple with reference junction 

copper. The copper side^^-t^ constantan used is an alloy of nickel d 
copper wires used to connect^ 6 constantan side is negative. A ssur ^'' 
second Copper-Constantan • therm °couple to the next stage (cn cU1 
called as th! “ (f °™ ed ) Produced. This junction^ 

the voltage generated by the sens'* generates a Seebeck vo,ta g e that 
temperature, the output voltaee J" 8 Junction - If both junctions are at n .^ (3 
higher temperature, V win t out Wll | be zero - If the sensing j unCtl0I V, pvo 
junction temperature. The temrl proport i° n al to the difference between oU tp u1 

voltage alone. It is subjected to Cannot be derived directly fr °f ice d by ® 
reference junction. This can h<> ^ eiTOr caused b y tbe voltage prod jn an 

ice bath to keep it a, a known 
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sensation as shown in Fig. 13.46(a). The reference voltage is maintained at 
nor The reference voltage is now predictable from the calibration curve of the 


type 


‘T* thermocouple. 


When copper is not one of thermocouple metal then four junction circuit is 
formed. The type ‘J’ thermocouple uses iron and constantan as the two elements 
shown in Fig. 13.46(b). When it is connected to copper wires, two iron copper 
junctions result. These junctions present no additional difficulties because of the 
isothermal block used. This block is made of material that is a poor conductor 
of electricity but a good conductor of heat. Both Iron-Copper junctions will 
be at the same temperature and generate the same Seeback voltage and hence 
these two voltages will cancel. Cold junction compensation is also used as the 
Reference junction in this case. 


Copper 



Fig. I3.4G (a) Cold junction compensation 

Isothermal 



Fig. I3.4B (b) Type J thermocouple using isothermal block 

The ice-baths method is not the most convenient method, to compensate the 
reference junction. This technique is often used in the calibration laboratory. 

Industry uses a different method of reference junction compensation as shown 
ln % 13.47. 

r P 16 isothermal block contains two reference junctions and a thermistor The 
^‘stance of the thermistor is a function of temperature. A circuit is used t 
re? tWs resistance and t0 compensate for the voltage introduced bv the u ° 

^Ce JUnCt ' 0nS ' ThiS arTangement iS S ° metimeS called « Electronic icep^nt 

I 
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and Reference Junction 

Fig. 13.47 Reference junction compensation used in industry 

If the sensor is interfaced to a computer, the reference temnp * 
converted to a reference voltage and then subtracted from the outputlob W '" * 
This process is known as Software Compensation lta ® e v * 

for JSS b '° Ck With ° De temPmtUre SenS ° r Ca " Pr0Vide com Pensation 

thermocoupie s 8 * VeS and th “«™ properties of v* 

Table 13.3 Different Types ofThermocouples 

~ Thermocouple ~Materials used -7--- 

type Temperature Sensitivity \iVi j 

.....-.-____ range/ °C °C 

Copper/Constanttn ~~ 20 .M 00 :5 « 

Chromel/Constantan 0-850 40 _ 55 

Iron / Constantan -200-900 45-57 

.-.■vj .\-i Chromel/Alumel -200-1250 40 _ 55 

Platmum/Platinum 13% q -1600 5 _12 


5-12 
0.3-0- 8 


Thermocouple 

type 

Materials used 

Temperature 
range/ °C 

TypeT 

TJ 

Copper/Constantan 

-200-400 

Jb 

Chromel/Constantan 

0-850 

J 

K ; 

R 

Iron / Constantan 

-200-900 

Chromel/Alumel 

-200-1250 

Platinum/Platinum 13% 
Rhodium 

0-1600 

S 

Platinum/Platinum 10 % 
Rhodium 

0-1500 

B 

Platinum 6% Rhodium/ 



Platinum 30% Rhodium 

30-1800 

G 

Tungsten/Tungsten 26 % 
Rhenium 

15-2800 

c 

Tungsten 5% Rhenium/ 

- T ™gSten 25% Rhenium 

0-2750 


For accurate measurement of hot junction temperature, the coldj^ ,, 
he reference junction should be kept at 0 °C. If the reference junction 
the ambient temperature, then a voltage corresponding to this 
be ffdded to the measurement to obtain accurate reading. 

Scanned by CamScannei 





st modern thermocouple measurement systems employ electrical cold 
. ( an electronic circuit which simulates the voltage that the reference 
i UllC t'on would generate at ambient temperature) compensation. A popular 
J 11 ^ l j ue u sed for reference junction compensation used in data loggers and 
te ° acquisition systems is shown in Fig. 13.48. 

l l The measuring junction’s terminals are screwed on an isothermal block (the 
rature of which remains uniform within ± 0.05 °C). The temperature of 
[he isothermal block is measured independently and compensating voltage is 
rated using electronic circuitry. This compensation voltage is combined 
vith the emf from measuring junction to obtain the true temperature 
Thermocouples are sometimes connected in series or parallel to provide 
increased voltage or current output. 


Sensing 

Element 



Fig. 13.48 


Practical isothermal block reference junction for data loggers, etc. 


In Fig.l3.49(a), four thermocouples are connected in series, with wire A 

being positive and B being negative in each thermocouple. , , 

The total emf between points 1 to 5 is the sum of individual ttemocoupte 
emf. An arrangement of this type is called a Thermopile and is used to obtain 

increased senshivity and greater absolute emf from a thermocoup e 
Figure 13 49(b) shows four thermocouples in parallel This arrangement 
•j i ^ i + orvific same as that of any one thermocouple. 

provides a large current but eml is same j 

B 


B 



K Heated 



> Heated 


(a) Series ( b ) Parallel 

Fig. 13.49 Thermocouples in series and parallel (Thermopile) 
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Thermocouples mus! be protected from mechanical damage a „„ . 
m corrosive or contaminating effect that most gases and I,quids hal"\ 

. .1 ' nnlln/l *.... 11 ill I 4 


UUlll WIIUlIITV v/l vw.s—- — || . . - ’ 

temperature. The device used for this purpose arc called wells or tubes <t!* %. 

J* —— ^/a/iMMt/lfi>/j//(' ^Peiyj 


upon their physical construction or thermowells. 


Thermocouples are made from a number of different metal alloys 

_ -inn on / a i r> /0 > 


a wide range of temperature from as low as 270 C (-418 °F) to a/jjj^ 


2700 °C (about 5000 °F). They may be obtained in a simple uninsula^ * 
form, in insulated form or inside protective sheaths or probes (sheath d’ 
as small as 0.25 mm). Ian,ei er 

The thermo-junction is protected from contamination from the 
materials by enclosing it in a protective sheath. For example, a cunr ^ C ** 1 
sheath for copper/chromel thermocouple and mild sheath for irnn/ 
thermocouples. C ronie l 

The temperature ranges covered by thermocouples make them ann 
for use in industrial furnaces as well as for measurement in the cryogeni™^ 
Different types of thermocouples are as shown in Fig. 13.50. range ’ 


/Thermocouple 


Protection Head 


(a) Metal tube type 



(b) Hydodermic type 


Advantages of Thermocouple 

1 Te -j 


(c) Washer type 

fl. 13.50 Different type of thermocouples 


1. It has rugged construction. 

2. It has a temperature range from -270 °C-2700 °C. , 

leadS and “ntpensating cables, long ** 

4 STr t ” tem pcrature measurement is possible. 

4. Bridge c, routs are not required for temperature measurement. 

5. Comparatively cheaper in cost 

6 . Calibration checks can be easily performed. 

7. Thermocouples offer good reproducibility. „ c r 

8 . Speed of response is high compared to tire filled system the""» iw 


9 Measun 

„dvanMg« of 

j Cold Ji 
measure 

9 They e> 
tics. 

3 To avoi 
leads fr< 

4 . Stray vc 

* In many 


13.20.7 Semfc< 

Semiconductor < 

Two of its parai 
current (/ 5 ) are 1 
non-linear, but J 
range. Hence, Vj 


Fig.l3.5l 


Fig 

silicon 
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g Measurement accuracy is quite good. 

disadvantages of Thermocouple 

I Cold junction and other compensation is essential for accurate 
measurements. 

2. They exhibit non-linearity in the emf versus temperature characteris¬ 
tics. 

3 . To avoid stray electrical signal pickup, proper separation of extension 
leads from thermocouple wire is essential. 

4 . Stray voltage pick-up are possible. 

5 . In many applications, die signals need to be amplified. 

13.20.7 Semiconductor Diode Temperature Sensor 

Semiconductor diode is a versatile device and finds use in many applications. 
Two of its parameter, that is forward voltage drop (VJ and reverse saturation 
current (/ s ) are temperature sensitive. The sensitivity of I 5 with temperature is 
non-linear, but V f has a linear temperature coefficient over a wide temperature 
range. Hence, Vj- can serv e as the basis for electronic thermometers 


If= 10 pA 


250 500 750 

Forward bias (mV) Vf 

Fig.1151 Characteristics of forward bias (V f ) versus temperature 

Figure 13.51 shows the characteristics of ^versus temperature for a typical 
silicon pn junction diode. The linearity of this characteristics at high values of 
temperature is affected by the follow ing factors. 

1 • Dependence of V f on which is also temperature sensitive. 

2 . Presence of finite surface leakage component across the pn junction. 

3. Finite resistance of the bulk semiconductor used for the diode structure. 
The limitations introduced by point 1 can be overcomed by using a pair of 

A ell-matched junction transistors in a differential configuration to serve as the 
temperature sensors. 

If the two transistors are operated at widely different emitter current values 
he resulting V RF , Base emitter differential voltage can serve ac a ’ 
,nd « Of temperature. * as an excellent 


100 


c. 3 

g 

^ e 

<D 


75- 


50 


£ 25 


Scanned by CamScanner 




. *• differential mode voltage gain of this s 
The association temperature coefficient to a desi 

provides means of adjusting ff .o n «Hiicer 
i* the basis ofic type temperature transducer. 


h ' S sta 8e 

desiredvai ^i 


13.20.8 1C Type Sensor 

IC sensor produces a voltage or current sipial tha increases with i ncr 
temperature. IC sensors eliminate the linearity errors associated with the™ 
However, being semiconductor devices, they are available in both voltag e 


- / 

current output configuration. 



LM 335 



Output 
10 mV/°K 


Fig. 13.52 National semiconductor LM 335 IC temperature sensor. 


Figure 13.52 shows a National semiconductor LM335 IC temperature sensor 
It provides a proportional output of 10 mV/°K. It operates as a two terminal 
zener. t a ynamic impedance of less than 1£2 and operates over a current 
n f h ° ^ wittl virtually no change in performance. 

r »Z n Ki at 25 ° C ’ * typical{ y sh ^'s less than 1 °C error over a 100“ 
range of-^to^50°? ** 10 ° C to +10 ° ° C and LM135 is also available witha 

shown ir^FivT^ w? vf ^ a minimum temperature sensing circuit, as 

coolest sen^r wi S ° f l0W d ~ 4e*mce of the ^ * 

shown in Fie 13 53fbl .?,° Utput volta 8 e - The average circuit using IC sens° r 

assess s -*■ «** ^ 

as shown in Fig.I3 ^ ICsens0r P rovidesonepomt “ 1 

midpoint of theL„^, S e 7‘: P0in ‘ 
available in the formof ^ ^ IC SenS ° r 

long wire length is also possible as Ih rem ° te SenS ‘ ng ° f the ^ 
Fabricated on a singlemonohtTi t*” “ Fig ' 1353(dJ - , 

the form of a differential pair of t™ Ch ' P ’ ‘ hey mdude 3 temper f^ nce a od * 
operational amplifier. nsistor), a stable voltage re er 


LM335 


(a) M 


(c)O 

2 . 
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+15 V 

"V 

Ri > 6 K 


LM 335 


7”min 

10 mW°K 




(a) Minimum Temperature Sensing 




• 10 mV/°K 
10 K 


+ 15 V 



(b) Average Temperature Sensing 




Output 



(c) One point calibration (Calibration for 
2.982 Vat25°C) 


(d) Remote temperature sensor 


Figs. 13.53 1C sensor 


Using the internal Operational Amplifier (op-amp) with external resistors 
any temperature scale factor is usually obtained. By connecting the op-amp 
as a voltage comparator, the output will switch as the temperature crosses the 
set point making the device useful as an Basic on-off temperature controller as 

shown in Fig. 13.54. 
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13.20.9 Pyrometers is vcry high and physical C0M 

When temperature being )b|e or impractical, optical pyro ^ c| >*111, 

medium to be mcasured ^ ^ ^ pyrom ^yS 

on the principle of thernia liquids would destroy tj Usc <l J 

measured medium. ,. , , ^ 

Radiation pyrometers measures the radiant (energy) heat emitted 0r refl 
by a hot object. Thermal radiation is an electro magnetic radiation emmJ^ 
result of temperature and lies in the wavelength of 0.1 — 100 pm. ^ 

According to the principle of thermal radiation, the energy radiated f 
a hot body is a function of its temperature. Referring to Fig. 13.55 the f 
radiated by the hot body is focused on a radiation detector. The radi f 
detector is blackened and it absorbs all or almost all radiation falling on it (if ? 1 
temperature is very small compared with that of hot body, then 

q = 5.72 x 10 -8 x T 4 w/m 2 


Measuring 

Instrument 



Black Body 

(Temperature detector) 

Fig. 13.55 Basic principle of pyrometer 

Therefore, the heat received by the detector is proportional to the fourth po^ r 
of the absolute temperature of the hot body. 

Radiation pyrometers are of two types. 

1. Total Radiation Pyrometers 

2 . Infrared Pyrometers 

Both of these are discussed in the following sections. 

13.20.10 Total Radiation Pyrometer (TRP) 

TTie total radiation pyrometer receives virtually all the radiation from 8 

rfhe^nr 8 °T k focuses <® a sensitive temperature transd # 

rssasr* to«, «,i. 1- ( , 

The total radiation pyrometer consists of a radiation receiving^* 
a measuring fence to indicate the temperature directly. Figure l -'- 56 
mirror type radiation pyrometer. 
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Fig. I3.5G Total radiation pyrometer 


In this type of pyrometer, a diaphragm unit along with a mirror is used to 
focus the radiation on a radiant energy sensing transducers. The lens (mirror) 
to the transducer distance is adjusted for proper focus. The mirror arrangement 
has an advantage that since there is no lens, both absorption and reflection are 
absent. 

Presence of any absorbing media between the target and the transducers, 
reduces the radiation received and the pyrometer reads low. 

Due to the fourth Power Law (q is proportional to T 4 ) the characteristics 
of total radiation pyrometer are non-linear and has poor sensitivity in lower 
temperature ranges. Therefore, total radiation pyrometers cannot be used for 
measurement of temperature lower than 600 °C, since errors are introduced at 
lower temperatures. 

Hence, total radiation pyrometers are used mostly in the temperature range of 
1200 °C - 3500 °C. 

The output from a total radiation pyrometers whether amplified or not, is 
dually taken to a PMMC instrument or to a self-balancing potentiometer. The 
output may be fed to a recorder or controller. 


H.20.11 Infrared Pyrometers 

Infrared pyrometers are partial or selective radiation pyrometers. Above 
temperatures of 550 °C, a surface starts to radiate visible light energy and 
s, multaneously there is a proportional increase in the infrared energy. 

Infrared principles using thermocouples, thermopile and bolometers are used 
Iso various types of photo-electric transducers a ' 

ln frared transducers. The most useful transducers 
are the Photo-voltaic cells. These cells used in ra< 

400 ° length in infrared re S* on and may be used to 


-lur 

used for industrial application 
l,a “° n Pyrometers, respond to 
measure temperature down to 


j 

1 
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The protective window is made of thin glass and serves to protect the cell and 
filter from physical damage. The filter is used on the range of 1000 °C to 1200 
°C in order to reduce the infrared radiation passed to the photo cell. This help in 
preventing the photo cell from being overheated. 

All infrared systems depend on the transmission of the infrared radiant 
energy being emitted by a heated body to a detector in the measuring system. The 
sensor head is focused on the object whose temperature is being measured and/ 
or controlled. 

The infrared energy falling on the detector either changes the detector resistance 
in proportion to the temperature as in the case of thermister or generates an emf 
in the detector such as a thermopile. The change in resistance or generated emf 
is then indicated on a meter. 

13.20.12 Optical Pyrometer 

Any metallic surface' when heated emits radiation of different waveM* 
which are not visible at low temperature but at about 550 °C, radiations in s h0 e 
wavelength are visible to eye and from the colour approximate temper*', 
measured. The approximate values of temperature for colour (colour sc* 
given in Table 13.4. 


Table 13.4 Colour scale 
Dark Red 

Medium Cherry Red 
| Orange 

Yellow 
White 

The radiations from a heated body 
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at high 





„,i 0 n of the HM spectrum. For a . 

oiicrgy radiated is greater than at higher tempera,u'rf' ' hC Vi ' Sib ' C rCB "’ n ,hc 

Within a visible range, a given wavelength h.. e , , 

0 f radiation is interpreted as Intensity of Brioh, flXcd | “ lour and lhc energy 

, hc brightness of the light of a given colour emi«ed n hv S ' ' f WC measure 

indication of temperature. This is the prineip.e of optical J* 0 mT£ haVe an 




(a) Filament colder than 
background 



(b) Filament invisible 
against background 

Fig. 13.58 


(c) Filament and background 
having equal brightness 


In an optical pyrometer, the wavelength of radiation accepted is restricted 
by means of a colour filter and brightness is measured by comparison with a 
standard lamp. 

The most common type of optical pyrometer used is the disappearing filament 
pyrometer. The schematic is shown in Fig. 13.59. 


Filter Absorption screen 



Heated 

source 


An image of the radiating source is produced by a lens and made to coincide 
the filament of an electric lamp. 

The current through the lamp filament is made variable so that the lamp 
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intensity can be adjusted. The filament is viewed through an eye pie Ce 

The current through the filament is adjusted until the filament and the ^^ 

~ .... 




s 


of equal brightness. 

When brightness of image produced by the source and brightness 
by the filament are equal, the outline of the filament disappears as 

s b°Wu t. 


Fig.l3.58(c). 

However, if the temperature of the filament is higher than that re 
equality of brightness, filament becomes too bright as shown in Fig for 
On the other hand if the temperature of filament is lower, the filame t k 
dark as shown in Fig.l3.58(a). 

Since the intensity of light of any wavelength depends upon the te 

of the radiating body and the temperature of filament depends upon 

flowing through the lamp. The instrument may be directly calibrated i ! CUlTenl 

the filament current. However, the filament current depends upon the r 

of the filament, modem pyrometers are calibrated in terms of r f ! Stance 
directly. 01 resistance 

The range of temperature, which can be measured by an instnim P nt * L - 

type depends on the maximum allowable temperature of the lamn w 
around 1400 °C. p e 01 lfte lam P which is 

objmiv r elfns C HenL e ^r ded ^ USi ” g “ absor P tion screen placed nearthe 

comI tw T fraCtl0n 0f radiant ener §y enters the pyrometer for 

panson. The range can be extended to 3000 °C by this techniaue 

of £aces P mohenm T* ** aCCUrate of temper* 

or tumaces, molten metals and other heated materials. 


13.20.13 Ultrasonic Temperature Transducer 

concerned whhtni^ , (S ° Und Vibrati ° nS above 20 are useful when we« 
ac^i^o ml flUCtUatlons ' temperature extremes, limited 

tent reqUi “ ^ ” em£n ' 0f 

temperature ^example flowTuta,^ distribution of parameters other tW 
sensing. as onics also offers possibilities of r elT1 

Ultrasonic thermometer sensors npn..'t \vi^ 

range of temperatures, from cryosenfrTV”® t0 meaSUre ™ “ iicto'® 
milli-second resDonse ?,.^ nic to Pl asm a levels and to achieve n 

for sensors, operation in nuefrw ^ reS ° lution ’ greater ch °' Ce 
of transducer ® COrrosive environment and remote I* 


Using ultrasonics for nrofilmry • 

ratures using a single , ntllts one t0 obtain 2 - 1 or 


more 




peratures using a single transmission line s installation 

provides reliable, accurate data at a rea^„ k , p 

reasonable price. 


an 11 
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[r |/-v GENERATING TRANSDUCER 

nammeter analog transHnrprc f 


13.21 


parameter analog transducers, frequency and pulse generating 
l)n^ e cerS measure physical variables in terms of a pulse repetition rate, 
ti# frequency is an analog quantity, these can be treated as either analog or 
^devices- Therefore, any phenomenon to be measured is converted into a 
nn ding rate of pulse generation which undergoes counting process and is 
digital in nature. 

nl3 se transducers produce a simple series of voltage or current pulses or 
I s in proportion to the change in the physical parameter being measured. 
c ^ c ser j es of pulses can be counted over a certain precisely determined period of 
. the input magnitude can be known with considerable accuracy. 
^Examples of such devices are pulse generating pick ups operating on the 
ariable reluctance principle, photo-tubes, etc. 


pp mrTANCE PULSE PICK-UPS 


13.22 


This transducer is very suitable for the measurement of shaft speed and liquid 
fl oW It is based on the principle that if the field of any magnet is varied 
momentarily by the motion of an external magnetic body near it, a voltage pulse 
is generated at the coil of the magnet because of the change in flux surrounding 
the coil. The transducer consists of a permanent magnet on which a coil is 
wound. The output voltage depends upon the rate of change of magnetic flux 
and the number of turns. Flux depends upon the clearance between the pick 
up and the actuating medium, the rate of movement and size of the actuating 
medium. The output voltage is inversely proportional to the distance between the 

head of the pick up and the actuating medium. , 

The pick up is actuated by the teeth of a gear or blades of turbines. In rpm 

measurement the pick up is placed near the teeth of a gear. The mot.cn of the 
gear tooth distorts the magnetic field around the core magnet. f., 

A voltage pulse is produced every time a tooth enters or eaves£ 
pickup coU. The frequency of pulse is then proportional to the speed of the g . 

H>is can be used for a tachometer. the flow , as the speed of the 

Similarly, a pick up can be used to to the flow. The total 

turbine through which the liquid flows is propu 
Pulses counted are proportional to the total flow. 

^OW MEASUREMENT (MECHA N I CAL TRANSDUCERS) -13^ 

tT 'T nllflnt itv is the oldest of all measurements 

? measurement of flow r 5^ an ^ strum ^ nta tion. It is used to determine the 
of Process variables in the field of instrumentauoi 

am S° f T t6rialS fl ° WinS I" °olant materiallbalancing, quality control and the 
°Peratio° Ut f ° W meaSUrement nrocess would be impossible. Flow velocities are 
also m ° f any continuous P .ucers The measurement of liquids containing 
^nr^r"ewage or feed «o = ills, present considerable 
Prob 'cm s . This is 0V ercomed by the use of a flowmeter. 
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. „c C d to measure the flow of any flowing m 
The transducer can b ■ can be regarded as a section f*S a 

is electrically conductive. (The m of Pt Pe A 

lined with an insulating m ' ite each ot h er and electrodes di * 
TWO saddle codsareara of the lining. If the coils at %l 

themovin^ liquidf (as a length of conductor) cuts the lines of force, ^ 
the generation of an electromotive force that ts p.cked up by the el ectr > 
suitable circuitry and amplification, an electrical signal proportional to ^ 

can be obtained. ,. _ 

Many accurate and reliable methods are available for measuring 

of which are applicable only to liquids, some only to gases and some 
to both. Fluids measured may be clear or opaque, clean or dirty, Wet ^ 
erosive or corrosive. Fluid streams may be multiphase, vapour, liquid or slu • 
The flow may be turbulent or laminar, and viscosity and pressure may 
from vacuum to many atmospheres. Temperature may range from cryogeni ^ 
hundreds of °C. Ct0 

Flow rate may vary from a few drops per hour to thousands of gallons 
minute. ^ 


MECHANICAL FLOW METER 


In mechanical flow meters, there is a mechanism in the path of the flow which 
moves continuously at a speed which is proportional to the flow rate. These are 
generally used for metering liquids however with certain modifications, they can 

be designed to meter gases also. They can be divided into two main categories, 
with further subgroups. 

1 . Displacement type 

2 . Inferential type 

., The dls P lac ement type are volumetric in operation, the cyclic displacement of 

t , j C m ^ e en "* en ^ e -8- piston, being directly proportional to the volume 0 
the fbud passing through the meter during each cycle 

vebehToffl fl0w u meters are current type flow meters are measure*' 
velocity of flow, from which the volume of flow is inferred. 

MAGNETIC FLOW METERS 

corrosive appliratilnsa^fo^*‘P offlowmeters t0 bec0 
slurries. These meters work on t ? P 1Catl0ns lnvolvin S measuren® #(t ,t 
induction, which states that ? P nncl pie of:Faraday’s law of ele > 

field of given field strength avoir?™ 3 COnductor movea ‘^oport^'t 
the relative velocity between the 8 ® “ lndUCed “ the £ d ™ is ^ 
is used in electric generators^'conductor and the magnetic fle. cu „du c ‘ 

flowing liquids work as the othj”c T ° f flo ™ e,ers ’ ele ^‘ C e is give» W 

equation her con ductor. The induced voltag 

j 
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(13.17) 


E=CxBxLxV 

E = Induced voltage in volts 
^ ere q = Dimensional constants 

$ = Magnetic flux in Wb/sq.m 
l = Length of the conductor (fluid) in m 
V= Velocity of the conductor (fluid) in m/s 
The equation to convert a velocity measurement to volumetric flow rate is 

Q= VxA (13.18) 

w here Q = Volumetric flow rate 
V = Fluid velocity 

A = Cross-sectional area of the flowmeter 
From (13.17) V= 7^bt 


Therefore 


CBL 


For a given flowmeter, A, C,B,L are constants. 


Therefore 


Q = K x E where K = 


CBL 


(13.19) 


Therefore the induced voltage is directly proportional and linear to the 
volumetric flow rate. 


Construction The magnetic flow meter consists of an electrically insulated 
or non conducting pipe, such as fibre glass, with a pair of electrodes mounted 
opposite each other and flush with the inside walls of the pipe, and with the 
magnetic coil mounted around the pipe so that a magnetic field is generated in a 
plane mutually perpendicular to the axis of the flow meter body and to the plane 
of the electrodes. 

If a metal pipe is used, an electrically insulating liner is provided on the inside 
of the pipe. 

The basic operating principle of a magnetic flowmeter in which the flowing 

liquid acts as a conductor is shown in Fig. 13.60. 

The length L is the distance between the electrodes and equals the pipe 
diameter. As liquid passes through the pipe section, it also passes through the 
Magnetic field set up by the magnet coils, thus inducing a voltage in the liquid, 
which is detected by a pair of electrodes mounted on the pipe wall. The amplitude 
°f the induced voltage is proportional to the velocity of the flowing liquid. The 
ma gnetic coils may be excited by either ac or dc voltage. Currently, pulsating dc 
ln which magnetic coils are periodically energised is used. 

Magnetic flow meters are available in sizes from 2.54 —2540 mm in diameter, 
w *th an accuracy range of ± 0.5 to ± 2%. The measurement taken by these meters 
are independent of viscosity, density, temperature and pressure. (The range of 
SUc h meters may be 30 :1, but normally a 20:1 range is accepted.) b 

1 
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Fig. 13.G0 Working principle of magnetic flowmeter 


A modern design of magnetic flowmeter is one which can be inserted into 
the line through couplings. It consists of electrodes mounted on each side of a 
probe and magnetic coils which are also integral to the probe. The probe can be 

mounted on pipes of diameters 152.4 mm and above can easily be mounted for 
open channel flow. 

Advantages of Magnetic Flowmeter 

1. It can handle slurries and greasy materials. 

It can handle corrosive fluids. 

3. It has very low pressure drop. 

4. It is totally obstructionless. 

construction materia^ 6 P ‘ Pe “ d ° apadty 35 We “ “ ^ 

Tt is rnnoKla _n• 

; than 3.1" 


6 . 


as 


larg e 


7. 


lAJUMiucnon materials. 

mmSedilmetertmd 'tc ^ minimumsize : leSS 
as 3.04 m) ver ^ high volume flow rate (with sizes 

It can be used as bidirectional meter. 

Disadvantage of Magnetic Flowmeter 

1. It is relatively expensive. 

3- It is relatildy heaw UldS Which are ad equate electrical conductors 

4. It must be full at in lar § er sizes - 

5. It must be explosion proof when installed m hazardous electric^ ** 
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ruR?!!^___ 

the T SUrement ° f liquid « as and gases of very 

* fl0W i rrm bre wheen wh , C,P ° ftUrbine ' '* consists of a multibladed 
*#* ( ca ", ed FiB n P, Wh ' Ch 18 mounted 90 ° to the axis of the flowing 
liquid as shown in Fig. 13.61. 6 



Fig. I3.BI Turbine flowmeter 


The rotor is supported by the ball or sleeve bearings on a shaft which is 
retained in the flow meter housing by a shaft support section. The rotor is free to 
rotate about its axis. 

The flowing liquid strikes the turbine blades (rotor) imparting a force to 
the blade surface which causes the rotation of the rotor. At a steady rotational 
s Peed, the speed of the rotor is proportional to the fluid velocity and hence to the 
volumetric flow rate. The speed of rotation is monitored by a magnetic pick up 

w hich is fitted to the outside of the meter housing. 

The magnetic pick-up coil consists of a permanent magnet with cod windings 
w hich is mounted in close proximity to the rotor but internal to the fluid channel. 
As each rotor blade passes the magnetic pick-up coil, it generates a voltage pulse 
*hich is a measU re of the flow rate. The total number of pulses gives a measure 

^he total flow 

T he electrical voltage pulses produced can be totalled, differenced or 
Stipulated by digital techniques, so that a zero error characteristic, using this 
Unique, is provided from the pulse generator to the final read. 
b The number of pulses generated per gallon of flow, called the K factor is given 
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where K - pulses per volume unit 
T k = time constant in minutes 

qZ voTumetnc'flow rate is gpm (gallon per minute) 

Turbine flow meters provide very accurate flow measurement Over a » l( , 
flow range. The accuracy range is ± 0.25 to ± 0.5 A witti excellent repeatabifc 

i.e. precision ranging from ± 0.25% to as goo as . o. 

The range of turbine meters is generally between 10 : 1 and 20 : 1 ; h 0Wtt9 
in a low flow rate it is less than 10 : 1 . 

Military turbine meters have a range greater than 100.1. 

Turbine meters are available in different sizes, ranging from 6.35 - 650 nm 
and liquid flow ranges from 0.1 — 50 000 gallons per minute. 

These turbine flow meters are mostly used for military applications. They are 
also used in blending systems in the petroleum industry. They are effective in 
aerospace and airborne applications for energy fuel and cryogenic (liquid oxygen 
and nitrogen) flow measurements. 


Advantages of Turbine Flowmeter 

1. Good accuracy 

2. Excellent repeatability and range 

3. Fairly low pressure drop 

4. Easy to install and maintain 

5. Good temperature and pressure ratings 

6 . Can be compensated for viscosity variations 

Disadvantages 

1. High cost (expensive) 

2. Limited use for slurry applications 

3. Problems caused by non-lubricating fluids 


MEASUREMENTS OF THICKNESS USING BETA GAUGE 


A common and characteristic feature of a radioactive element is 
disintegrate spontaneously to produce fresh radioactive elements called 3 ' 


elements. This activity of parent elements is termed as radioactivity- 


During this disintegration, high energy radiations are emitted from j“^ f ^ 
of the radioactive element. These high energy radiations are 


the< 


types: the positively charged rays called alpha ( a ) rays, the negate ■ ^ 

rays called beta (^) rays, and the neutral rays called gamma (yf m. 
usually, but not necessarily accompanied by ( 7 ) rays. afC ‘ 

Some of the basic and important properties of cc , /3, and Y~ u ^- 
Table 13.5. 


Alp ha 1 


2 . Beta ( P) ^ 


3. Gamma (y) 


^Pha rays 
range is 1 
^diations. 


iasur 'ng Pr,* r 
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(e) 


I; Beta (/D rays (a) 
|* (b) 

(c) 

(d) 


(e) 

3. Gamma (y) rays (a) 

(b) 


(c) 

(d) 


1 hey consists of positively charged particles. 

I hey arc emitted from the nucleus of a radioactive atom 
with a high velocity. 

They possess high energies. 

Since tt-partielcs produce intense ionisation, they lose energy 
quickly and are therefore, stopped within a short distance. 

Since they carry a positive charge, they can be deflected by 
electric and magnetic fields. 

They consists of negatively charged particles. 

They are emitted from the nucleus of radioactive atoms with 
very high velocities. 

They possess less energies as compared to a-rays. 

Since they produce only moderate ionisation, they do not 
lose energy very rapidly. 

As they carry a negative charge, they can be easily deflected 
by electric and magnetic fields. 

They are not made up of any charged particles at all. 

They are emitted from the nucleus of radioactive atom as 
high energy photons, i.e. they are electromagnetic waves of 
very short wavelength. 

Since they produce only feeble ionisation, they do not loose 
energy very fast. 

Since they do not carry any charge, they cannot be deflected 
by electric or magnetic fields._ 


Alpha rays are not used in radiometrical measurement techniques because 
their range is only some mm, even in air. Hence this leaves only beta and gamma 

radiations. 

Measuring Principle The measurement of the of the sheet material is 

acc omplished by measuring the absorption of radiation emanating from a radio 
isotope when passing through the material. If the material is homogeneous and 
lts density is known, the wt/unit area measurement can be transformed into a 
Sickness measurement. 

Mode of Operation Figure 13.62 shows a schematic block diagram of a beta 
gauge 

Tbe source (1), enclosed in a source holder, is positioned to one side of the 
ch ater ial to be measured (2) The measuring chamber (3), containing an ionisation 
si am ber as the detector, is located exactly opposite the source, on the other 
e °f the material. Part of the radiation from the source is absorbed durin 
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. u Kitf'rinl and the remaining radiation ionises t u 
the passage through the n ^ vef|er (5) supplies the anode of th e 
the ionisation chambers. A | ting field causes an ionisation 

chamber with high volm^Th « radjatjon ^ 

proportional to the intensity of the ent is ^ 

by the measuring electrode. 


& 



The capacitor-diode amplifier (6), is a dc amplifier with high input impedance 
and low leakage. In its feedback loop, the voltages from the feedback divider 

(7), located in the operator control unit (8) and the target value adjust (9), 
effective. The tareet valnp aHinct SO _J t , 1 . .1 1i_ 


Ki), jocaieo in me operator control unit (8) and the target value adjust (9), are 

effective. The target value adjust is calibrated such that the voltage applied to 

t e lgh meg resistor of the measuring chamber causes a current I w equal and 
ODDOSite in oolantv tn _ . . . 


or 


...V -6—B ui uie measunng chamber causes a current I w equal a 

opposite in polarity to the ionisation current L. If the measured wt/unit area 
thtekness of the material in the measuring gap is on target, the voltage * 
amplifier output connected to the deviation indicator inpufgoes to zero. 

Deviations of the measured product from the target cause the indicator 
>ve towards plus or minus . 1 i ,1 . . a .i .^Af 


to 


, , .jJiuuuct trom the target cause the 

m0 ;*“ P ° r r U u pr ° p0r,i0M l ‘0 the magnitude of the eiror. 

nan Bv ™ hlr/h Ttt «* »i.e. no material in the 

f p n i, y c P „n n h ecfe? 61 ra f latl0n button 04) in the control unit (11). the fced - 

'7‘ “rr? (13) ‘° a compensation voltage equiva'« 
weight or no material foroduch tn 


..... ."“/““r uot to a compensation voltage equivalent •- 

weight or no matena (product i n v , 6 , • tJr . n nd' ta 

/nf u iA u „ uuucl J m the measuring gap The deviation ^ 

(13) should be moved to zero hv ® s p . . A -diustm^ u . 

actuating the coarse switch and a j ^ a td> 

fine potentiometer. This adjusts both the feedback voltage and current /„ 
the ionisation current. 6 


to 


zet° 




-urin* “ 
<*„, or thl 
dost 

• n floe" ceof 

<£.vol' 

drop 

v' 0 ,taK Hi 
jiode atT1 P 

control On'* 

contains 


It 


automatic 


IIV'" 

b y tempc 
This s> 


24 Vac 
winding 

and 0.7 / 

A con 
potentior 
Since th< 
employe! 

The t< 
related cl 
feeding a 
by an IC i 
sensors ( 


sourc 


13 27. 

The < 
Se qu e 

(iit)j, 

'•4ut, 
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St 
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curing chamber L Th * measuring chamber is utilised for measuring base 
^ e ? ht or thickness by absorption of radioactive radiation. 

K is dust tight, with ambient temperature ranges from + 10°C - +50 °C. The 
. fluen ce of the temperature of the air in the measuring gap on the measurement is 

'omp ensated ^ 0r ^ ^ em P era ^ ure compensation circuit. The ionisation current 
^uses a voltage drop across the high-meg resistors. The difference between this 
v0 ltage ^°P and com P ensa tion voltage is amplified by a two-stage capacitor- 
diode amplifier. 


Control Unit The control unit supplies the voltage for the measuring chamber. 
It contains the master switch and the elements for balancing are equipped with 
automatic temperature compensation, i.e. compensation of wt/unit area caused 
by temperature changes of the air in the measuring gap. 

This system requires the following voltages: 24 V ac and +24 V dc stabilised. 
24 V ac is tapped from a separate winding of the power transformer. A separate 
winding also supplies the circuit protected stabilised power supply + 24 V dc 
and 0.7 A. 

A constant current source supplies the operator control unit. The target value 
potentiometer in this unit sets the comparator voltage for the measuring chamber. 
Since the constant current source must be floating, an electronic chopper is 
employed to supply its regulator. 

The temperature compensation circuit, if supplied, adjusts for temperature 
related changes of wt/unit area of the air in the measuring gap. It does this by 
feeding an error voltage to the constant current source. This voltage is generated 
by an IC amplifier in a bridge circuit one of whose branches contains temperature 
sensors (NTC) of the measuring chamber and the source holder. 

Balancing, i.e. compensation for a source decay, is accomplished by adjusting 
the constant current and the feedback voltage derived from the measured va ue 
to match the compensation voltage of the measuring chamber proportional to the 
source decay. 


13.27.1 Control Sequence of the Motion of the Measuring Heads 

TU . . 0 J motion is possible in various program 

The control of the measuring head motion P • scann i n a 

fences such as (i) automatic profile scanning 00 traversing scanning. 
®) jugging, 0v) off-sheet position, and (v) test posi t 

is-*—*"* 

5- E, Presetting this buttor l^olSro^ scanning. The measuring 
e switch mechanism initiates the P left side edge at 

ftsa ssatais——* i.—-r« 

° w speed. 
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2. Traversing This program constitutes a pendular movement of the mea 
head, between two limit switches E t and E r , whereby the traversing speed 
the right side to the left side can be determined by converting the bridges rel ^ 
by pressing the traverse button. ’ e 

3 * Jugging At jugging, an optimal positioning of the measuring head between the 
limit switches E a and E r is possible. 

4. Off-sheet Movement Off-sheet movement to the limit switch E can be 
effected by various command inputs, either by pressing the push-button off-sheet 
movement at the control panel, or by means of the adjustment command from 
the power supply unit. 

5. Test Position This limit switch is situated outside the right side turning point 
E r and can be reached by the Test Position button. 


Review Questions 


1. Define a transducer. 

2. Explain the difference between pri¬ 
mary sensors and transducers with 
the help of examples. 

3. With the help of examples, explain 
the procedure of converting displace¬ 
ment response of some primary sen¬ 
sors into electrical output. 

4. What do you understand by electrical 

transducers? State the advantages of 
an Electrical transducer. 

5. State the various parameters of elec¬ 
trical transducers. 

6. List five physical quantities that the 
transducer measures. 

7. List different types of transducers. 


8. List the factors to be considered 
while selecting a transducer. 

9. Explain the difference between pri¬ 
mary sensors and transducers un 
the help of examples. 

10. What is the difference between P 

sive and active transducers. ^ 

11. Differentiate between P nnia 

secondary transducers. ^ 

12. Explain with diagram the 

of a resistive transducer. - 0 ^ 

13. Explain with diagram P° 

used as a transducer. ag r ^.' 

14. Describe with the help 

the measurement o ^ 
using potentiometer 
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